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POPULÄRVETENSKAPLIG SAMMANFATTNING

Svärmar av obemannade luftfarkoster (UAV, eller drönare) förväntas omvandla flera områden,
exempelvis räddningsinsatser, brottsbekämpning, och militäroperationer. Drönarsvärmar inne-
bär skalbara, anpassningsbara, och decentraliserade lösningar för dynamiska arbetsuppgifter.
Den lyckade integreringen av dessa multi-agent-system i verkliga miljöer innebär dock bety-
dande utmaningar, särskilt med avseende på hur människor säkert och effektivt interagerar
med och kontrollerar dessa system. Forskningsfältet Människa-Svärm Interaktion (MSI) syftar
till att möta dessa utmaningar genom att undersöka hur mänskliga operatörer kan hantera flera
drönare på ett sammanhängande vis, även under komplexa och osäkra förhållanden.

Denna avhandling utreder problemet att utforma effektiva och säkra interaktionsmekanismer
och gränssnitt för mänskliga operatörer att leda drönarsvärmar, specifikt genom att adressera
utmaningar som att hantera ett stort antal drönare, stödja operatörers situationsmedvetenhet,
och balansera mellan centraliserad och decentraliserad kontroll. Avhandlingen betonar vikten
av att ifrågasätta konventionella tillvägagångssätt genom att introducera alternativa konceptu-
ella modeller, såsom "kör"-metaforen, som omtolkar drönarsvärmar som koordinerade, semi-
centraliserade ensembler snarare än rent decentraliserade kollektiv. Denna metafor syftar till att
balansera det kollektiva, ofta oförutsägbara beteendet hos drönarsvärmar med de förutsägba-
ra, riktade handlingar som behövs i operativa miljöer. Genom att visa hur denna metafor kan
operationaliseras i en MSI-systemarkitektur, erbjuder avhandlingen nya sätt att konceptualisera
mänsklig interaktion med autonoma system.

Genom att tillämpa en designforskningsmetod som innefattar fallstudier och scenariobasera-
de designaktiviteter för att föreställa sig framtida svärmtillämpningar i dialog med potentiel-
la slutanvändare, utvecklar och utvärderar avhandlingen prototyper som manifesterar dessa
nyanserade MSI-koncept. Gränssnittens prototyper drar designinspiration från realtidsstrategi-
spel (RTS). Dessa element inkluderar enhetshantering och kommandon på gruppnivå, strategisk
uppdragsplanering, och resursdelning för att skapa en hybrid interaktionsmodell som gör det
möjligt för operatörer att både bibehålla en bred lägesbild och utöva precis kontroll över fle-
ra autonoma och samverkande drönare. Domänexperters utvärderingar av dessa prototyper i
arbetskontexter som brandbekämpning och flygplatsledning påvisar den praktiska användbar-
heten av dessa koncept.

Resultaten betonar värdet av att anta ett Människa-Teknik-Organisation (MTO)-perspektiv vid
utformningen av MSI-system. Snarare än att enbart fokusera på interaktionen mellan människor
och teknik, erkänner detta systemtänkande tillvägagångssätt att drönarsvärmar måste integre-
ras i större organisatoriska ramar, såsom ledningsstrukturer för räddningsinsatser eller marko-
perativa team på flygplatser. Det visar att framgångsrik implementering av drönarsvärmar krä-
ver att systemutvecklare tar hänsyn till det bredare organisatoriska sammanhanget, inklusive
roller, arbetsflöden, och samverkansbehov. Detta holistiska tillvägagångssätt för utformningen
av MSI-system säkerställer att drönarsvärmar inte bara uppfyller tekniska prestandakriterier,
såsom tillförlitlighet, responsivitet, och skalbarhet, utan också överensstämmer med mänskli-
ga och organisatoriska behov, vilket underlättar deras införande och effektiv användning i en
mängd olika tillämpningsscenarier. Över lag är dessa forskningsbidrag avsedda att överbrygga
gapet mellan teoretiska modeller för svärmstyrning och praktisk implementering, och därmed
avancera och främja både MSI-området och den bredare användningen av svärmteknologier.
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ABSTRACT

Swarms of Unmanned Aerial Vehicles (UAVs, or drones) are envisioned to transform various
fields, from emergency response to law enforcement and military operations. Drone swarms
provide scalable, adaptable, and decentralized solutions for dynamic work environments. How-
ever, the successful integration of these multi-agent systems into real-world settings presents
significant challenges, particularly in terms of how humans can safely and effectively interact
with and control these systems. Human-Swarm Interaction (HSI) aims to address these chal-
lenges by exploring how human operators can manage multiple drones in a cohesive manner,
even under highly complex, uncertain conditions.

This thesis studies the problem of designing effective interaction mechanisms and interfaces for
human operators to command drone swarms, specifically addressing challenges such as man-
aging a large number of drones, supporting operators’ situational awareness, and balancing
between centralized and decentralized control. The research highlights the necessity of rethink-
ing conventional approaches by introducing alternative conceptual models, such as the "choir"
metaphor, which re-imagines drone swarms as coordinated, semi-centralized ensembles rather
than purely emergent, decentralized collectives. This metaphor aims to balance the collective,
often unpredictable behavior of drone swarms with the predictable, directed actions needed in
operational environments. By demonstrating how this metaphor can be operationalized in an
HSI system architecture, the thesis provides new avenues for conceptualizing human interaction
with autonomous systems.

Using a design research approach incorporating multiple-case study and scenario-based design
activities to envision future swarm application in dialogue with prospective end users, the the-
sis develops and evaluates prototypes that embody these nuanced HSI concepts. The interface
prototypes draw design inspiration from Real-Time Strategy (RTS) games. These elements in-
clude group commands, high-level mission planning, and resource pooling to create a hybrid
interaction model that allows operators to maintain both a broad overview and precise control
of multiple autonomous and collaborating drones. Domain expert evaluations of these proto-
types in contexts such as firefighting and airport management validate the practical utility of
these concepts.

The findings emphasize the value of adopting a Human-Technology-Organization (HTO) per-
spective in the design of HSI systems. Rather than focusing solely on the interaction between hu-
mans and technology, this systems-thinking approach acknowledges that drone swarms must be
integrated into larger organizational frameworks, such as emergency response command struc-
tures or airport ground operations teams. It demonstrates that successful deployment requires
accounting for the broader organizational context, including roles, workflows, and coordination
needs. This holistic approach to HSI system design ensures that drone swarms not only meet
technical performance criteria, such as reliability, responsiveness, and scalability, but also align
with human and organizational needs, facilitating their adoption and effective use in a wide
range of real-world scenarios. Ultimately, these contributions are intended to bridge the gap be-
tween theoretical models of swarm control and practical deployment, advancing both the field
of HSI and the broader adoption of drone swarm technologies.
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1 Introduction

Imagine enjoying a peaceful picnic on a bright, sunny day when, suddenly, a strange shadow
falls over you. Looking up, you see a swarm of drones hovering ominously, like a scene straight
out of a dystopian blockbuster. While the idea of swarming drones might conjure images of
sci-fi horror1—especially in light of the proliferation of drone use in military news reports about
the Russia-Ukraine war—the reality is more benevolent; the drones above you are busy deliver-
ing packages, analyzing air quality, and ensuring everyone stays safe from unexpected hazards.
Drone swarms are transforming the way we approach complex tasks, like urban logistics, forest
firefighting, or search and rescue. This doctoral thesis on Human-Swarm Interaction explores
how to harness the power of seemingly chaotic swarms of drones to assist operators in chal-
lenging missions, ensuring that autonomous flying drones are more helpful sidekick than sci-fi
menace.

1.1 Background

In everyday language, "swarm" conveys the idea of a large, often dense group of entities—
like bees, tourists, or meteors—moving or acting in unison, usually implying a level of coordi-
nated behavior without necessarily having a central control (Cambridge University Press, n.d.;
Mirriam-Webster, n.d.). The term "swarm" has been applied to systems in biology (Camazine
et al., 2003; Garnier et al., 2007), engineering (Barca & Sekercioglu, 2013; Beni & Wang, 1993;
Şahin & Spears, 2005), computer science (Kennedy & Eberhart, 1995; Wang et al., 2018), and
more2 to denote system qualities such as decentralized control, robustness, scalability, flexibil-
ity, and distributed problem-solving (Brambilla et al., 2013; Clough, 2002; Hinchey et al., 2005;

1As Bruce Clough (2002, p.1) humorously put it; "Imagine swarms, sheer terror."
2For discussions on swarming battle units and their implications for military doctrine, see

Arquilla and Ronfeldt (2000) and Scharre (2018).
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1. INTRODUCTION

Şahin & Spears, 2005). Importantly, the combination of simple agent behaviors and local (or
microscopic) interactions—both agent-to-agent and agent-to-environment—facilitates the emer-
gence of complex global (or macroscopic) system behaviors (Brambilla et al., 2013; Clough, 2002;
Hinchey et al., 2005). The resulting collective behavior, or "swarm intelligence," of such systems
allows them to perform tasks beyond what individual agents or centralized entities can achieve
(Bonabeau et al., 1999; Clough, 2002; Şahin & Spears, 2005).

Robots can be understood as physically situated intelligent agents that perceive their environ-
ment and take purposeful actions to interact with it. These artificial devices are designed to
autonomously carry out useful work by sensing their surroundings and making decisions that
maximize their chances of success (Murphy, 2020; Winfield, 2012). In essence, robots embody
artificial intelligence, enabling them to engage in goal-directed behaviors to perform tasks that
are dull, dirty, or dangerous3 to humans (Winfield, 2012). Unmanned Aerial Vehicles (UAVs,
or drones4) are a type of intelligent robot that operate in the air rather than on the ground or
in water (Murphy, 2020). These flying drones primarily come in three forms5: large fixed-wing
aircraft that look and fly like planes; large rotorcraft that resemble helicopters and are capable of
vertical take-off and landing; and small fixed-wing or rotary-wing drones less than two meters
in any characteristic dimension (e.g., wingspan, rotor blade length, or fuselage), as well as micro
drones that can easily be carried in a small case or backpack (Murphy, 2020). Drones can further
be classified based on their operational altitude, low (<5 km) or high (>15 km) (Shakhatreh et
al., 2019). Drones can be equipped with various flight control systems, like autopilots or remote
control interfaces, allowing for precise control over flight parameters like altitude, speed, and di-
rection. Navigation typically relies on GPS (Global Positioning System) for accurate positioning
and route planning, but advanced drones can navigate autonomously using pre-programmed
flight paths or real-time obstacle avoidance algorithms (Shakhatreh et al., 2019). In terms of
sensing abilities, drones can carry different types of sensors, such as optical cameras, LiDAR
(Light Detection and Ranging), thermal imagers, and multispectral sensors (Shakhatreh et al.,
2019). Advanced drones can also incorporate machine-learning techniques or other algorithms
for on-board object detection or decision making (Shakhatreh et al., 2019).

Swarming technology is a projected next step in the development and deployment of drones
in society (Hocraffer & Nam, 2017; Shakhatreh et al., 2019). In a swarm, drones are capable
of autonomous6 stabilized flight, decision making, and action coordination. Their behavior
is also influenced by events and objects in their vicinity, including the actions of neighboring
drones. These local interactions give rise to an emergent swarm behavior that is not explicitly

3The term "robot" is derived from the Czech word "robota," which means "serf labor" or
"drudgery," highlighting their original role in alleviating humans from manual work (Winfield,
2012).

4Originally used to denote pre-programmed or teleoperated land, sea, or aerial mobile prac-
tice targets during World War II, the term "drone" is now colloquially used to describe any UAV,
regardless of its use for target practice (Murphy, 2020).

5Balloons and airships are less common types (Shakhatreh et al., 2019).
6In this thesis, “autonomy” refers to the capacity of a system or agent to sense, interpret,

reason, decide, and act in pursuit of goals, while adapting to changes or uncertainties in its op-
erating environment with limited or no real-time external intervention (Hancock, 2019; Kaber,
2018; Lyons et al., 2021). An “autonomous system” is an embodiment of this capacity, yet it
does not operate in isolation. No system is entirely independent or self-sufficient. Rather, an
autonomous system is understood here as one that can function with reduced external control
while remaining interdependent with humans and other systems. Its performance is contextu-
ally bound (i.e., effective in some tasks or environments but not others), and it must sustain a
dynamic balance between self-sufficiency and collaboration, incorporating human supervision,
coordination, or intervention as needed (Bradshaw et al., 2013). For a deeper discussion on
autonomy, see Vernon (2014).
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1.2. Human-Swarm Interaction

Figure 1.1: Command complexity in multi-drone control task types. Adapted from Lewis (2013).

defined, planned, or hardcoded (Kolling et al., 2016). Swarming allows a single operator7 to
manage and control multiple collaborating drones as a single coherent entity rather than distinct
individual drones. This maintains a static command complexity of Order 1—written as O(1)—
for the operator, as shown in Figure 1.1. In contrast, in non-swarming multi-drone systems, each
additional drone—assuming that the drones require equal attention—incurs a linear increase in
mental effort for the operator, i.e., O(n), or worse, i.e., O(>n) in cases where drone tasks are more
interdependent. Eventually, the cognitive effort required to operate the system will exceed the
operator’s cognitive capability (Lewis, 2013). Although swarming enables efficient multi-drone
Command and Control (C2), the decentralized and probabilistic nature of swarming behavior
presents other cognitive challenges for the operator. For example, the operator may experience
additional mental workload by monitoring the activities and status of all drones. The operator
can also lose their situation awareness (SA) as the drones autonomously makes decisions, reacts,
or suddenly veer off in different directions. Swarm technology also poses new questions for
researchers in systems design and human factors in terms of system functionality, controllability,
resilience, and user interface (UI) design (C. A. Miller et al., 2020). These topics are studied in
the field of Human-Swarm Interaction (HSI).

1.2 Human-Swarm Interaction

HSI, as a subset of Human-Robot Interaction (HRI), is an interdisciplinary field that combines
insights from robotics, artificial intelligence (AI), human-computer interaction (HCI), and other
disciplines to create robust, useful, and usable swarm technologies. In HSI, researchers study
how human operators control, communicate, and collaborate with autonomous and swarming
multi-drone systems. Research topics also include the design of user interfaces and system visu-
alizations, levels of automation, and various swarm application areas (Hocraffer & Nam, 2017;
Kolling et al., 2016). From a C2 perspective, the choice of swarm architecture (e.g. centralized or
decentralized) can greatly impact the controllability and capability of the swarm system (Grimal
& Sundaram, 2018). Hybrid architectures, with humans more or less in the loop, have also been
suggested but not as thoroughly researched (Barca & Sekercioglu, 2013; Findler et al., 2006).

Different means of control can affect system performance in different ways depending on the
task context and the type of swarm behavior used (Kolling et al., 2013; Saffre et al., 2021). Direct
control mechanisms—like manual teleoperation of all drones (Cummings, 2015), a single leader
drone (Kolling et al., 2016; Saffre et al., 2021), or by adjusting swarming behaviors or parameters

7This thesis will use the term "swarm operator" to denote a human professional responsible
for operating, managing, commanding, supervising, or otherwise controlling the drone swarm.
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1. INTRODUCTION

(Kolling et al., 2013; Saffre et al., 2021)—can be effective for certain tasks, like area coverage or
survey (Kolling et al., 2013; Saffre et al., 2021). Indirect control methods include the use of virtual
beacons—leveraging the effects of stigmergy (Bonabeau et al., 1999; Camazine et al., 2003)—to
attract or repel drones, or to switch their behavior algorithms (Kolling et al., 2013; Saffre et
al., 2021), and typically scale well. The choice of control method can greatly affect operator
workload and SA (Pendleton & Goodrich, 2013; Saffre et al., 2021). Direct control requires more
frequent and focused operator input, thus increasing their mental workload (Hocraffer & Nam,
2017). Indirect approaches, more so than direct control alternatives, enables the operator to treat
the swarm as a single entity, thus reducing their workload (Hocraffer & Nam, 2017; Lewis, 2013).
However, indirect control does not offer the same detailed levels of control as do direct methods,
which may be needed for some applications.

HSI researchers also study UI designs and visualization techniques. Task-specific UI elements
and designs can contribute to lower mental workload (Fuchs et al., 2014; Hocraffer & Nam,
2017). Swarm visualization research indicates that although interfaces representing individ-
ual agents are easier to interpret than abstract representations (e.g., amorphous blobs) they do
not scale well with increasing drone numbers (Roundtree et al., 2018). However, depending
on the task, abstract swarm representations (like semitransparent or solid shapes or blobs) can
be more intuitive and usable (Humphrey et al., 2006). Predictive information and forecasts of
future swarm states can improve operator accuracy, reduce operator input frequency and over-
correction, and thus reduce operator workload (Kolling et al., 2016). Timeline representations
are being studied to visualize planned drone activities and mission progress, but these are often
limited to a few drones, limiting their scalability for larger swarm systems (e.g., Cummings and
Mitchell (2008)). In general, drone/swarm management systems are explicit in the head-up dis-
play (HUD) which can result in a cluttered interface as the number of drones increases (Chen
et al., 2011).

Several envisioned application areas for drones and swarms are used to develop swarm algo-
rithms and study human-swarm interaction, including search and rescue (SAR), firefighting
(Madridano et al., 2021), security and surveillance, precision agriculture, infrastructure inspec-
tion, and more (Mohd Daud et al., 2022; Shakhatreh et al., 2019). A central problem for HSI
research is to harness and use the emergent qualities of swarm behaviors and provide human
operators with appropriate control mechanisms and system visualizations for these various use
cases.

1.3 Motivation

Research in HSI has predominantly been reductionist, focusing on specific components such
as swarm architecture, control methods, or interface designs in isolation. This compartmen-
talized approach overlooks the potential interaction effects among these components and their
impact on operator cognition, thus limiting our understanding of how swarms function as holis-
tic systems. Moreover, most HSI studies have taken place in controlled laboratory environments
rather than real or representative operational settings (J. R. Clark et al., 2022; Hocraffer & Nam,
2017). As a result, the practical relevance and transferability of many findings can be questioned,
particularly regarding how well laboratory conditions match the complexity of real tasks and
engage true domain expertise (Dekker & Woods, 1999).

Although the concept of “ecological validity” was originally introduced by Brunswik in percep-
tual psychology to describe the statistical relationship between environmental cues and the real-
world conditions they predict (Brunswik, 2023; Kihlstrom, 2021; Schmuckler, 2001), its meaning
has evolved across disciplines. In this thesis, following Flach’s ecological approach to Cog-
nitive Systems Engineering (CSE), ecological validity is viewed in a functional, task-oriented
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sense (Borst et al., 2015; Flach, 1995; Flach & Bennett, 1996; Flach & Hancock, 1992; Hoc, 2001).
Rather than focusing solely on stimulus fidelity, this perspective emphasizes how effectively a
system’s design supports perception, decision making8, and action in the context for which it
is intended. In line with the argument that testing should capture the real cognitive demands
of the envisioned work setting (Dekker & Woods, 1999), achieving ecological validity requires
evaluating designs within their functional ecology: the operational space defined by user goals,
system constraints, and real-world uncertainties (Flach, 2017; Flach & Bennett, 1996).

A key motivation for emphasizing ecological validity is captured by the “envisioned world
problem,” wherein designers assume idealized, simplified scenarios that fail to capture the vari-
ability and complexity of actual use (Woods & Dekker, 2000). When real-world conditions ex-
ceed these assumptions, systems may prove error-prone, inefficient, or unsafe. This mismatch
often arises because design models do not account for the full breadth of scenarios operators en-
counter in practice (Feltovich et al., 2004), fail to anticipate unforeseen challenges (R. R. Hoffman
& Woods, 2000; R. R. Hoffman et al., 2010), and overlook the complexities of human expertise
and behavior (Woods & Hollnagel, 2006). Consequently, users develop workarounds that reveal
design oversights (Hollnagel, 2003; Woods & Dekker, 2000).

Addressing the envisioned world problem entails a more iterative and participatory approach
to system design, recognizing that new technologies transform current work practices and ex-
pertise in unforeseen ways9 (R. R. Hoffman & Woods, 2000; Woods & Dekker, 2000). Early in-
volvement of end users and domain experts, and continuous testing in realistic scenarios, helps
researchers account for latent vulnerabilities and discover emergent user adaptations (Dekker
& Woods, 1999; R. R. Hoffman et al., 2010; Schoenwald et al., 2005; Smith et al., 1998; Wensveen
& Matthews, 2014; Woods & Dekker, 2000).

Although many call for more “real-world” research, the term is often employed vaguely, im-
plying any study conducted outside a laboratory (Holleman et al., 2020). This thesis avoids
such ambiguity by explicitly defining “real-world” in relation to the domains of drone swarm
deployment, such as emergency response, fire management, or airport operations. These con-
texts introduce unique environmental factors, task constraints, and decision making challenges
not captured in typical lab conditions. By situating the research within these operational envi-
ronments, the thesis adopts a task-based approach to ecological validity rather than relying on
generic realism claims (Borst et al., 2015; Hoc, 2001).

To address these challenges, this thesis employs a design research methodology, focusing on
work-driven (rather than purely technology-driven) investigation (M. J. Miller & Feigh, 2019).
In contrast to studying fully operational drone swarms “in the wild”—which is currently infea-
sible due to the scarcity of real-world swarm deployments—this thesis studies existing single-
drone operations in high-stakes domains. By examining present-day procedures, constraints,
and expert knowledge, the design process projects how these factors may evolve in the future
when multiple drones operate in coordination (M. J. Miller & Feigh, 2019). Scenarios and pro-
totypes are then developed to explore how today’s operational demands, user strategies, and
environmental conditions could scale to multi-drone systems.

Field and case studies remain central to this effort, enabling the capture of real or representative
use contexts and providing early feedback on design assumptions (M. J. Miller & Feigh, 2019).
Although the swarms themselves do not yet exist in operational practice, insights from cur-

8In this thesis, "decision making" is used in a broad sense that encompasses the cognitive
processes of sensemaking, problem solving, planning, and action selection rather than merely
the final choice among alternatives (Hoc et al., 1995; G. A. Klein, 2017; G. A. Klein et al., 1993).

9Put differently, new systems and artifacts can alter the assumptions on which they were
originally designed (Hollnagel, 2003).
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rent single-drone activities and domain-expert input serve as “previews” of emerging swarm
realities. By iteratively refining prototypes and integrating these insights, the work-driven
approach mitigates the envisioned world problem, offering a robust means to evaluate how
human-swarm systems may perform under actual constraints.

In sum, the call for more holistic and “real-world” HSI research requires careful operationaliza-
tion of ecological validity and explicit attention to how envisioned systems will perform under
genuine task demands. By placing domain-specific constraints at the forefront, incorporating
user feedback throughout design, and employing a design research methodology grounded in
existing single-drone operations, this thesis seeks to bridge the gap between theoretical research
and future swarm applications. Such an approach complements the reductionist tendencies in
HSI research and addresses the pitfalls of the envisioned world problem, ultimately enhancing
the safety, efficiency, and reliability of HSI systems. Moreover, as Flach and Bennett (1996) point
out, designing meaningful interfaces requires first discovering what actually matters to future
operators and then representing these critical distinctions. Only by preserving the functional
meaning and structure of user tasks can interfaces truly support creative problem-solving and
coordinated adaptation in tomorrow’s HSI.

1.4 Research Questions

Grounded in the envisioned world problem as it applies to HSI, the aim of this doctoral thesis is
two-fold: to explore and understand the complexities of human-swarm interaction from a work
perspective, and to develop and provide guidance on how to design, deploy, and use swarm
systems in actual, real-world environments. Situated at the intersection of cognitive science,
human factors, CSE, and interaction design, this thesis addresses four research questions in
pursuit of this aim:

1. What are the key requirements and constraints of drone swarms in real-world applica-
tions, and what challenges do operators encounter?

2. How can the conceptual models and principles of the design be developed to address
operator challenges and improve the functionality and usability of drone swarms?

3. How can prototypes of human-swarm interfaces be designed and implemented to ensure
effective command and control of drone swarms in real-world scenarios?

4. How do the prototypes perform in their intended use applications, and what feedback
do prospective end-users provide for further refinement?

The first research question investigates the constraints that shape existing work domains since
these constraints are likely to remain contextually relevant in the future, thus serving as ap-
propriate starting points for envisioning and design (M. J. Miller & Feigh, 2019). This question
focuses on the functional purpose of swarm systems, investigating why they should or should
not be deployed in real-world task environments.

Conceptual models of interactive systems are abstract descriptions that provide: an idealized
view of how the system works; the system’s objects, their relationships, and control structures,
i.e., the system’s ontological structure; and the available mechanisms that allow users to accom-
plish the tasks the system is designed to support (J. Johnson & Henderson, 2002). In comparison,
users’ mental models—i.e., their understanding of what a system is and does—are internal, per-
sonal, idiosyncratic, incomplete, unstable, and directly inaccessible to design researchers (Greca
& Moreira, 2000; J. Johnson & Henderson, 2002). Rather, conceptual models are external repre-
sentations, schemas, and design tools created by researchers at an intermediate level between
the phenomenon of study and the final design outcome (Gero, 1990; Greca & Moreira, 2000; J.
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Johnson & Henderson, 2002). The second research question addresses how to develop useful
conceptual models for HSI and what HSI interfaces should feature and include.

The third research question concerns how the developed conceptual models can be applied
and instantiated in HSI interface designs. Design prototypes embody hypotheses about how
new technologies will transform cognitive work practices (R. R. Hoffman et al., 2010; Woods
& Dekker, 2000). The purpose of prototyping is to create manifestations that—as simply and
efficiently as possible—concretize and externalize conceptual ideas and emphasize the relevant
design qualities without distorting the designers’ understanding of the whole (Lim et al., 2008).
In this perspective, prototypes are filters that traverse a design space, i.e., the realm of potential
design alternatives and rationales that can be explored (Lim et al., 2008). Prototypes can also
serve as research archetypes or exemplars that embody conceptual models or design spaces that
are contributions in various design disciplines (Wensveen & Matthews, 2014). By answering this
question, this thesis further reduces the ecologically viable design space in HSI, demonstrating
how HSI interfaces should look and feel.

The fourth and final research question is designed to evaluate the qualities of the developed
prototypes in terms of their applicability in future real-world contexts and their ability to sup-
port swarm operators with appropriate control mechanisms, visualization tools, and feedback
systems. Additionally, evaluations of the prototypes are transitively relevant to the conceptual
models they embody, promoting further conceptual design and theoretical development in HSI.

1.5 Contributions

This doctoral thesis makes significant contributions to the field of HSI by addressing complex
design and interaction challenges associated with drone swarms through a systems-thinking
approach that integrates cognitive science, CSE, Multi-Agent Systems (MAS) theory, and inter-
action design. The contributions are organized around four key areas:

1. Detailed work domain descriptions and requirements analysis. This thesis provides compre-
hensive work domain descriptions for environments such as firefighting (Paper I), search
and rescue (SAR; Papers III, IV), and airport management (Paper VI), highlighting the
key requirements, constraints, and operator challenges in these real-world applications.
By grounding the analyses in specific operational contexts, these descriptions help bridge
the gap between theoretical swarm system models and practical applications, ensuring
that design requirements are rooted in real-world needs.

2. Generative design metaphors and hybrid interaction models. A major contribution of this work
is the development of a new conceptual design metaphor—the "choir" metaphor—that
rethinks how multi-drone systems should be conceptualized (Paper II). This metaphor
helps to address the limitations of conventional swarm metaphors by balancing the fo-
cus between collective behavior, individual agent autonomy, and operator control. The
thesis proposes a hybrid design approach integrating both "holistic" and "reductionist"
interaction design perspectives (Paper IV).

3. Prototyping and implementation of RTS-inspired HSI interfaces. This thesis also contributes
by developing and evaluating HSI interface prototypes based on the proposed design
principles and design patterns from Real-Time Strategy (RTS) games. The prototypes il-
lustrate how hybrid control mechanisms and RTS game interface elements—like group
management, resource pooling, and action-oriented controls—can be implemented in in-
terfaces that offer both macro-level control of the swarm and micro-level control of indi-
vidual drones (Paper VI). The evaluations of these prototypes in realistic scenarios (e.g.,
firefighting and SAR) demonstrate their practical applicability, validating the theoretical
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contributions and highlighting the importance of flexibility in human-swarm systems.
The thesis also proposes a novel approach to studying the joint human-swarm control
activities—and their effects on operator attention—from a phenomenological perspec-
tive (Paper V), providing additional tools for HSI evaluation and design iteration.

4. HTO perspective for sociotechnical systems design. Connecting back to the first contribution,
the thesis promotes the value of applying a systems thinking approach, specifically the
Human-Technology-Organization (HTO) framework (Berglund et al., 2020; Karltun et
al., 2017), in the design of swarm systems. By including organizational considerations,
such as coordination across teams and alignment with existing work procedures, the
thesis moves beyond conventional HSI design, which often focuses solely on human-
technology aspects. This perspective ensures that drone swarm systems are not only
technically robust but also compatible with organizational needs, thereby supporting
smoother implementation and better operational integration.

1.6 Delimitations

Taking a holistic research view of HSI—that is, considering the ecological, C2, and visualization
aspects—necessitates several other delimitations to manage the scope of this thesis.

The first delimitation concerns the choice of robot platform. The thesis focuses on UAVs, not
Unmanned Ground Vehicles (UGVs) or submersibles. Although the thesis’ contributions may
be applicable to the design of other types of robotic swarms, they are focused on drones.

A second delimitation concerns the target interaction, where the focus is on a remote swarm
operator, not secondary users like professionals working in the same environment or civilians
who may encounter or interact with the drones.

Third, the choice of modality is limited to remote digital desktop HSI interfaces (also called
Ground Control Stations, or GCS) rather than gesture, speech, or a multimodal combination
thereof.

A fourth thesis delimitation concerns the regulatory frameworks relevant to swarm systems.
At the time of writing, Swedish regulations require a one-to-one relationship between pilots
and drones. Operating several autonomous drones requires that individual stand-by pilots are
present to assume manual control of their respective drone. This makes swarm operations diffi-
cult to research and execute in the wild. However, this thesis work presupposes that these (and
similar) regulatory obstacles are relaxed or removed in the years ahead, focusing on how HSI
systems should be designed once single human operator control of multiple drones is allowed.

Fifth and finally, the thesis makes no specific technical assumptions about drone or system capa-
bilities, like flight time, speed, communication networks, and so on. Doing so would constitute
a continuation of the technology-driven research approach (M. J. Miller & Feigh, 2019) that is—
in the thesis author’s view—currently paradigm in HSI. Instead, the thesis takes a work-driven
approach (M. J. Miller & Feigh, 2019) to identify requirements imposed by real-world settings
and use them to inform system design (e.g., required capabilities).

1.7 Outline

This compilation thesis is written in two parts. First, Chapters 1–7 represent what is in Swedish
referred to as the "kappa," which provides a general overview of the thesis project and explains
how the included publications contribute to the project. The second part consists of the ap-
pended publications, which form the foundation of the thesis.
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The topic of the thesis is the design and evaluation of systems for human-swarm interaction.
Chapter 2 of the kappa begins by exploring the conceptual foundations of "swarming" systems
through the lens of complexity theory, construing drone swarms as a particular kind of com-
plex system. Following this, Chapter 3 discusses the theoretical foundations of HSI, tracing its
roots to Human-Computer Interaction and Human-Robot Interaction, and reviews the general
trends, perspectives, and findings in contemporary HSI research. Building on these discussions,
Chapter 4 presents an alternative research approach characterized by holistic systems thinking
applied to the design of sociotechnical systems like drone swarms. Next, Chapter 5 explains
how this holistic research approach was put into practice over the course of the thesis project.
Chapter 6 then provides a summary of the conceptual, methodological, and empirical contribu-
tions of the included papers. Finally, Chapter 7 concludes the kappa by addressing the research
questions (previously listed and discussed in Section 1.4), highlighting the thesis’ broader con-
tributions to the field of HSI, discussing its limitations, and offering a brief outlook on the future
of swarm systems.
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2 Swarms as Complex
Systems

The behavior of swarm systems is best understood through the theoretical lens of complex sys-
tems. Complex systems, such as brains, insect colonies, drone swarms, and galaxies consist
of many interconnected, interdependent components (Bonabeau et al., 1999; Ladyman et al.,
2013). These components can be particles, neurons, insects, drones, or stars, each with their
own state properties like position, velocity, mass, and age (Thurner et al., 2018). The elements
that constitute complex systems interact to exchange energy, matter, or information through
mediating mechanisms like forces, collisions, or communication, e.g., physical, biological, so-
cial, or symbolic (Ladyman et al., 2013; Thurner et al., 2018). The complexity of these systems
does not require complicated components or complicated mechanisms to govern their interac-
tion (Camazine et al., 2003). Rather, complexity lies in the opaque causal relationships between
individual actions or events at the lower component level and the global system response (Ca-
mazine et al., 2003; Thurner et al., 2018). Typical features of complex systems like swarms in-
clude emergent behavior, self-organization, nonlinearity, and a fine balance between order and
chaos (Gershenson & Fernández, 2012; Ladyman et al., 2013; Mitchell, 2009; Prokopenko et al.,
2008; Thurner et al., 2018). These concepts are discussed in Sections 2.1–2.4 and summarized in
relation to drone swarms in Section 2.5.

2.1 Emergence and Hive Minds

The concept of emergence is a hallmark feature of complex systems, where larger-scale patterns,
structures, or behaviors arise from smaller, simple components interacting with each other and
their environment (Camazine et al., 2003; Holland, 1995). These emergent properties are not
present in the individual component parts but arise at the global system level (Anderson, 1972;
Heil, 2012; S. Johnson, 2004). For instance, the color and material properties of gold are not re-
flected in the properties of gold atoms (Gershenson & Fernández, 2012), nor is the transparency
and liquidity of water observed in water molecules or their constituent particles (Heil, 2012).
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Consciousness and life itself can be described as emergent properties of biochemical systems,
not observable in their constituent parts or molecules (Bedau, 1997; Kauffman, 1995). Consider
also how the temperature gradient in a pan of cooking oil generates a rolling motion, a convec-
tion roll, where hot oil rises to replace the cooler oil at the top in a causally cyclical and contin-
uous pattern (A. Clark, 2014). In improvisational music, emergent structures and patterns arise
from the dynamic interplay of individual musicians, their instruments, and the broader musical
and cultural environment (Borgo, 2022). Social insects like ants and termites collectively con-
struct sophisticated mound architectures, complete with climate control, fungus gardens, and
nurseries, despite the apparent ineptitude and relative unintelligence of the individual animals
that construct, maintain, and repair them (S. Johnson, 2004; Winfield, 2012).

In the philosophical discourse on emergence, various accounts of the above phenomena have
been proposed (Humphreys, 2016). For instance, epistemological emergence, also known as
"weak" emergence, suggests that certain properties or behaviors emerge that cannot be ex-
plained solely based on an understanding of the system’s parts due to limited knowledge and
computational power (A. Clark, 2014; Pariès, 2006; Silberstein & McGeever, 1999). These prop-
erties are still theoretically derivable from lower-level interactions, being novel only at the level
of description (Silberstein & McGeever, 1999). Cellular automata (Bedau, 1997) and the collec-
tive intelligence (Kennedy et al., 2001) or "swarm smarts" (Bonabeau & Théraulaz, 2000) that
emerges from the complex interactions of individual drones can be considered epistemic emer-
gence (Fisher, 2009; Pariès, 2006; Winfield, 2012). Ontological emergence, akin to "strong" emer-
gence, posits that genuinely new, profound, and causal properties or entities arise at higher
levels of organization that are fundamentally irreducible to, or unpredictable from, the proper-
ties and interactions of their parts (A. Clark, 2014; Humphreys, 2016; Pariès, 2006; Silberstein
& McGeever, 1999). Aspects of quantum mechanics, like pairs of quantum-entangled parti-
cles, have been argued to exemplify ontologically emergent properties (Heil, 2012; Silberstein &
McGeever, 1999). Attempting a more explanatory and unifying account, contextual emergence
emphasizes the role of the specific contexts or environments in which systems operate (Bishop
et al., 2022; Silberstein, 2017). It suggests that emergent properties depend not only on systems’
components and their interactions at different scales (e.g., micro, meso, macro) but also on the
contextual factors that influence these interactions. This form of emergence highlights how envi-
ronmental and situational factors can lead to different emergent properties in different contexts
(Bishop et al., 2022; Silberstein, 2017).

The notion of part-whole reductionism, which posits that understanding a system’s individual
components will provide a comprehensive understanding of the whole system, breaks down
in the face of ontological and contextual emergence accounts, since new properties emerge at
different levels of complexity and organization in different environmental contexts (Anderson,
1972; Pariès, 2006; Silberstein & McGeever, 1999). The inability of reductionism to explain emer-
gent phenomena in complex systems is perhaps best captured in the aphorism; "the whole is
greater than the sum of its parts" (Kauffman, 1995; Pariès, 2006), or as Anderson (1972) put it,
"more is different." This is especially evident in the case of consciousness, where complex in-
teractions of neurons in the brain represent a new ontological property, i.e., phenomenological
experience, that cognitive scientists and philosophers have yet to fully understand and explain
(Heil, 2012). Additionally, contextual emergence holds that the same components can lead to dif-
ferent emergent properties depending on their context, like how the social behavior of ants and
termites vary significantly with environmental conditions (Camazine et al., 2003). This explana-
tory gap calls for holistic research to complement—not replace—reductionist approaches to un-
derstand emergence in its various forms (Anderson, 1972; Mazzocchi, 2008; Pigliucci, 2014).
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Holism1, as a general philosophical view and a prerequisite for emergence, holds that system
components have properties that are only significant within the whole, indicating intrinsic,
spatio-temporal, interdependent relationships among the components (Bergandi, 2011; Esfeld,
2001). For instance, in human consciousness, the multiscale contexts and stability conditions
provided by large-scale neural networks, electromagnetic fields, and chemical environments are
crucial for the microscale behavior of neurons (Bishop et al., 2022). Moreover, cultural factors
like technology and traditions contribute to the necessary and sufficient conditions for human
cognition and behavior (Bishop et al., 2022). Holistic and emergentist perspectives therefore
support the notion of collective intelligence or group cognition as emergent properties of groups
(Theiner, 2014; Theiner et al., 2010). Group cognition is a form of distributed extended cogni-
tion characterized by a division of cognitive labor through social, cultural, and technological
means (Theiner, 2018; Theiner et al., 2010). For instance, ant colonies or bee hives operate as—
and can be conceptualized as—a kind of physically distributed brain with a singular mind, or
"hive cognition" (Theiner, 2014); a superorganism (Hölldobler & Wilson, 2009) or supermind
(Malone, 2018) emerging from the mass of ordinary insects like how our human "hive minds"
emerge from brain matter (Kelly, 1994). This idea is supported by the principles of contextual
emergence; the emergence of group or hive minds is afforded by the satisfaction of necessary
stability conditions provided by the multiscale contextual features and constraints of the en-
vironment (Bishop et al., 2022). Ashby (1962) argues for the subjectivity of reductionist and
holistic system interpretations, as an observer can conceptualize a hive as either the reductive
organization of thousands of interacting bees or as trajectories of unanalyzed holistic states like
activity, dormancy, swarming, etc. Similarly, Malone (2018) stresses the role of the subjective
observer in identifying the elements of distributed minds, including the agents, groups, actions,
connections, and apparent intelligence. Researchers can therefore develop a more comprehen-
sive understanding of a phenomenon by considering these different viewpoints (Mazzocchi,
2008).

2.2 Self-Organization

In complex systems theory, the mechanism through which emergent patterns are achieved is
called self-organization, where order and structure emerge from processes internal to the system,
without intervention by directing influences applied externally onto the system (Bonabeau et
al., 1999; Camazine et al., 2003; A. Clark, 2014; Strogatz, 2003). For example, where human
construction projects require a hierarchy of architects, planners, engineers, foremen, and labor-
ers to carry out specific and coordinated tasks in a particular order at particular times, social
insects have no such hierarchy. There is no supervising insect that instructs each individual
worker insect what to do (Winfield, 2012). Rather, each individual has a repertoire of simple,
instinctive behaviors, i.e., mappings of sensory inputs to a pattern of motor actions that achieve
a task when executed (Murphy, 2020; Winfield, 2012). These behaviors can have different trig-
ger conditions, like encountering a chemical (pheromone) left by another individual, proximal
interaction with another individual, or physical contact with a—perhaps damaged—part of the
nest (Winfield, 2012). No individual has a complete plan or mental picture for how the nest
should be constructed, and is entirely incapable of building it alone. But through myriad inter-
actions between thousands of insects and objects in their physical environment, the mound is
collectively and decentrally constructed, maintained, and repaired (Winfield, 2012). This self-
organizing behavior is driven by simple rules and interactions among the components, leading
to the spontaneous formation of complex patterns and behaviors. Decentralized systems and
"hive minds" are governed not by any identifiable controlling entity but by an "invisible hand"
that "emerges from very dumb members" (Kelly, 1994, p. 14).

1Discussed in more detail in Chapter 4.
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Self-organization relies on the application of four principles. First, positive feedback promotes
the creation of order and structure. For example, bees recruit each other to collect nectar by
dancing to communicate the distance, direction, and quality of a food source (Bonabeau et al.,
1999; Garnier et al., 2007; Kelly, 1994). The coherent movement of crowds can be induced by
the motion of a few individuals influencing others nearby to move in the same direction, and
so on (A. Clark, 2014). The global financial crisis of 2008 was also sustained by runaway loops
of positive feedback as investors, mistrusting of financial institutions, withdrew their money en
masse causing those institutions to collapse, fomenting further mistrust (Fisher, 2009). Second,
negative feedback acts as a counterbalancing force to positive feedback and stabilizes the collec-
tive behavior, for instance through saturation, exhaustion, or competition (Bonabeau et al., 1999;
Garnier et al., 2007). Third, the amplification of stochastic fluctuations, e.g., random walks, er-
rors, or task-switching, enables the discovery of new solutions, facilitating the creation of new
patterns and structures (Bonabeau et al., 1999; Garnier et al., 2007). For instance, ant colonies re-
quire foraging ants to lose their way, otherwise no new food sources will ever be found (Pariès,
2006). Fourth, self-organization requires multiple interactions between individuals, either direct
or mediated through changes in their environment (often referred to as "stigmergic"), to produce
seemingly deterministic outcomes and the appearance of enduring structures (Bonabeau et al.,
1999; Garnier et al., 2007).

Strogatz (2003) argues that complex systems have internal oscillations or rhythms that can in-
teract and synchronize. The direct or indirect coupling between these neighboring oscillators
aligns their phases, leading to coordinated, decentralized behavior (Bishop et al., 2022; Strogatz,
2003). For instance, fireflies flashing in unison, pendulums swinging in phase, neurons firing
rhythmically in the brain, or people’s heart rates and breathing becoming "synced" demonstrates
this phenomenon (Bishop et al., 2022; Strogatz, 2003). This synchronization emerges from the
collective dynamics of the interconnected system components (Strogatz, 2003).

2.3 Nonlinear Interactions

The interactions in dynamic complex systems are often nonlinear, meaning that a small change to
one system component can lead to disproportionally large effects elsewhere at some later point
in time2 (Lewin, 1992; Warren et al., 1998). In nonlinear equations, the value of a variable x does
not increase proportionally to the value of variable y but may remain at zero until a threshold
value of y is reached, and then increase unevenly as the value of y increases (A. Clark, 2014).
For example, the relationship between predator activities and prey population is nonlinear due
to feedback loops and compounding effects, influencing the hunters’ future prospects (Holland,
1995). This nonlinearity contributes to the unpredictability of dynamism of complex systems
(Thurner et al., 2018). In contrast, simple, idealized scenarios in which causes and forces are
proportional to effects and responses are described by linear equations (Strogatz, 2003; Warren
et al., 1998). Linear equations are tractable due to their modularity; they can be divided into
separately analyzable and solvable pieces that, when recombined, solves the original problem.
In other words, in linear systems, the whole is exactly equal to the sum of the parts (Strogatz,
2003). Nonlinear systems, on the other hand, are difficult to analyze since they cannot be taken
apart but must be examined as a coherent entity, all at once (Strogatz, 2003).

In the context of safety science and risk analysis, Hollnagel et al. (2006) describes the "domino"
metaphor as a simple linear accident model, where a disturbance inflicted on a system initiates
and propagates a linear cause-and-effect chain. A complex but still linear accident model is the
"Swiss cheese" metaphor, where accidents occur when unsafe acts and latent conditions align,

2Popularized by Edward Lorenz’s work on chaos theory, this phenomenon is known collo-
quially as "the butterfly effect" (Gleick, 2011; Strogatz, 2003).
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represented by arrows passing through overlapping holes in slices of cheese, symbolizing weak-
nesses in system defences (Hollnagel et al., 2006). Although the Swiss cheese model and similar
epidemiological accident models are more complex than the domino model (since causality is
no longer a single linear propagation of effects), they are still focused on system structure and
the functional role of system components, not the function of the system as a whole (Hollnagel
et al., 2006). Systemic accident models, however, recognizes accidents as non-linear phenomena
that can emerge from the unexpected concurrence of conditions and events in complex systems
(Hollnagel et al., 2006). Thus, while accidents as explained by the domino and Swiss cheese
models can be described as weakly emergent, systemic accident models are concerned with
strongly emergent phenomena, as discussed in Section 2.1.

2.4 On the Edge of Chaos

In complex systems theory, the "edge of chaos" aphorism refers to a transitional state between
organizational order and complete disorder (Fisher, 2009; Kauffman, 1995; Kelly, 1994; Wal-
drop, 1992). In this balanced state, system components are neither completely stable nor en-
tirely turbulent (Waldrop, 1992). This allows the overall system to exhibit both structural stabil-
ity and flexibility, allowing for complex behavior (Kauffman, 1995; Thurner et al., 2018). Self-
organization allows systems to actively respond to changes in their environment, such as neu-
rons reorganizing to accommodate new knowledge, or species and companies evolving new
survival strategies (Waldrop, 1992). Thus, complex systems have a dynamic quality that sepa-
rates them from merely complicated systems like computer chips or snowflakes (Waldrop, 1992).
While chaotic systems like fractals or rivers exhibit intricate behaviors from simple rules, com-
plex systems maintain structure and coherence through a constant interplay between stagnation
and anarchy (Waldrop, 1992).

Systems at the edge of chaos can display emergent behaviors that are neither too rigid nor too
random, allowing for sophisticated patterns and learning processes to emerge in contexts like
cellular automata and neural networks (Lewin, 1992; Mitchell, 2009; Waldrop, 1992). Biological
systems, ecosystems, economies, and social systems often operate near this critical threshold,
leveraging the benefits of both order (predictability and stability) and chaos (innovation and
adaptability) (Waldrop, 1992). This principle has inspired various applications in fields such
as architecture and construction (Pantazis & Gerber, 2019), systems engineering (Calvano &
John, 2004), product design (Lindemann et al., 2009), and management (Grobman, 2005), where
fostering conditions that mimic the edge of chaos can lead to enhanced creativity and resilience.

Homeostasis, the ability of a system to maintain stable internal conditions despite external
changes (Gershenson & Fernández, 2012; Kauffman, 1995), is closely related to the edge of chaos.
Systems that operate at this critical threshold must manage to stay balanced between stability
and adaptability, often involving dynamic homeostatic mechanisms. At the edge of chaos, a
system can swiftly adapt to environmental changes while maintaining its core functionality, a
process analogous to homeostasis (Gershenson & Fernández, 2012). This ability to dynamically
regulate and stabilize internal conditions while being open to new information and changes is
critical for the sustainability and evolution of complex systems (Kauffman, 1995). This bounded
instability promotes a continuous interplay between order and disorder, allowing for system
adaptation and evolution as systems intuitively evolve toward this boundary, maximizing their
rate of evolution (Kauffman, 1995).

Complex systems are inherently adaptive, capable of changing and evolving in response to in-
ternal and external stimuli. Components of the system may adjust their behavior based on
feedback from the environment, leading to a continuous process of adaptation and co-evolution
(Thurner et al., 2018). Through adaptation, the behavior of a complex system changes to in-
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crease the exchange of mutual information between the system and its equally complex and
dynamic environment (Prokopenko et al., 2008). This adaptability is inherently linked to the
system’s memory, where past interactions and information are stored in the component nodes
or the interaction network itself (Ladyman et al., 2013; Thurner et al., 2018).

Robustness and fragility are two sides of the same coin in complex systems. These systems
can maintain functionality in the face of disturbances, demonstrating robustness (Thurner et al.,
2018). However, they can also be fragile, where specific perturbations can lead to significant dis-
ruptions. For instance, the "ant mill" phenomenon illustrates how emergent behavior can run
amok; disrupted pheromone trails cause ants to move in unproductive circles until a new trail
is established or they die from exhaustion (Camazine et al., 2003; Schneirla, 1944). Similarly,
nonlinear, self-synchronizing, and too orderly neural interactions in the human brain can cause
aphasia or epilepsy crises (Kelly, 1994; Pariès, 2006). Resilience refers to the emergent ability of
a complex system to anticipate, adapt, and recover from disturbances, ensuring sustained func-
tionality under various conditions (Hollnagel et al., 2006). Understanding the balance between
robustness, fragility, and resilience is important in managing and designing complex systems to
ensure they can sustain their functions while adapting to changes and disturbances at the edge
of chaos.

2.5 Summary

This chapter has outlined swarm systems as a particular kind of complex system with several
distinct qualities. Swarms exhibit emergent coordination and problem-solving behaviors that
arise from the interactions of myriad simple individuals (Section 2.1). These local interactions
are governed by self-organization mechanisms like positive and negative feedback loops (Sec-
tion 2.2) that, combined with the nonlinearity of these causal interactions (Section 2.3), generate
advanced, decentralized, and coordinated activities at a global system scale. These global be-
haviors and activities operate in a state between order and chaos, enabling them to adapt to
environmental changes and recover from disturbances while maintaining a core system struc-
ture (Section 2.4).

Drone swarm systems are multi-robot systems that are purposely designed with a conscious
understanding of the principles of complex systems (S. Johnson, 2004; Winfield, 2012), exploit-
ing emergence and self-organization similar to how nuclear reactors exploit the laws of atomic
physics (S. Johnson, 2004). Designers of drone swarm systems must consider both the bene-
fits and the drawbacks of characteristics of complex systems. Some benefits of drone swarm
systems include (Clough, 2002; Kelly, 1994):

1. Decentralization, which eliminates the need for centralized control, allowing for dis-
tributed decision making and increased robustness.

2. Implicit control, which reduces command complexity and resource requirements by man-
aging the whole rather than explicitly controlling the parts.

3. Resilience, which ensures system survival and functionality under various conditions
through redundancy and tolerance for individual failures.

4. Scalability, which maintains functionality with the addition or removal of members, mak-
ing swarms ideal for dynamic and high-risk environments.

5. Adaptability, which enables swarms to adjust to new or changing stimuli, ensuring con-
tinued operation and relevance in evolving conditions.

6. Evolution, which allows swarms to shift the locus of adaptation between system sections
and scales, enabling long-term improvement.
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7. Boundlessness, which fosters growth and extension beyond the initial state through posi-
tive feedback, leading to increasing order and structure.

8. Novel behaviors and solutions, which emerge from sensitivity to initial conditions, individ-
ual variation, and the combination of many interlinked individuals.

While drone swarms offer these various benefits, they also have notable drawbacks (Clough,
2002; Kelly, 1994):

1. Probabilistic and nonpredictable results, where outcomes cannot be precisely predicted, only
estimated within a probability distribution based on the number of individuals, their
behaviors, and the environment, leading to unforeseeable behaviors at unexpected times.

2. Non-deterministic execution, meaning the exact contributions of individuals to the collec-
tive behavior cannot be known, only that the behavior will emerge "somehow."

3. Chaotic behaviors, where small changes in input or initial conditions can result in sig-
nificant differences in output, potentially leading to unpredictable and undesirable out-
comes.

4. Problematic and embedded design: due to the non-linear and non-deterministic nature of
interacting behaviors that rely on environmental aspects, design is difficult and often
requires trial and error, with system fitness being inseparable from its operating environ-
ment.

5. Nonoptimal resource use, resulting from redundancy and lack of central control, leading to
inefficiency and duplication of effort.3

6. Noncontrollability, as there is no central authority, making it difficult to guide the system
directly and requiring influence through indirect means.

7. Nonunderstandability, where the intertwined causal relationships in swarm systems make
it challenging to understand the precise causes of specific outcomes.

8. Nonimmediacy, as complex swarm systems with rich hierarchies take time to initialize and
stabilize, requiring organic time for all components to acclimate and function cohesively.

Where this chapter has established an understanding of what drone swarms are and how they
behave in theory, Chapter 3 focuses on how researchers in HSI (introduced in Section 1.2) study
how to design swarm systems that maximize the benefits of complex systems while minimizing
the effects of their drawbacks.

3When moving nesting sites, ants haul eggs and larva one way as other ants in the colony
carry the trove back in the opposite direction, while yet other ants run back and forth empty-
handed. While inefficient, this behavior enables the colony to move. Kelly refers to this phe-
nomenon as "the Kafkaesque underside of emergent control" (Kelly, 1994, p. 14).
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3 Human-Swarm
Interaction Research

This chapter reviews the field of HSI to provide an overview of the research topics relevant to
this thesis, and the common methods used.

As introduced in Section 1.2, HSI is an emerging area of research at the intersection of robotics,
AI, and HCI. It focuses on the dynamic and complex interactions between a human operator
and a swarm of autonomous agents, such as drones, robots, or software entities. These swarms
exhibit complex collective behaviors (as outlined in Chapter 2), working together to achieve
common objectives, often with minimal human intervention. The challenges of HSI are unique,
involving not just the control of individual agents but also the coordination of the entire swarm
to perform tasks effectively and efficiently.

This chapter explores the theoretical underpinnings of HSI, drawing from established principles
in HCI and HRI to provide a framework for understanding and designing human-swarm inter-
actions (Sections 3.1.1–3.1.3). The chapter then presents work on swarm control mechanisms
(Section 3.2.1), the design of swarm UIs (Section 3.3), and the application of drone swarms in
various domains (Section 3.4) discussed in HSI literature.

3.1 Theoretical Foundations of HSI

HSI is an emerging research field that draws upon theoretical foundations established in HCI
and HRI, while also introducing unique challenges and concepts derived from swarm intelli-
gence and control theory. Understanding the theoretical landscape of HSI requires an in-depth
look at its relationship with HCI and HRI, and the additional complexities that arise specifically
in the context of managing and controlling swarms of autonomous agents.
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3.1.1 Human-Computer Interaction
In the immediate aftermath of World War II, researchers recognized a pressing need to under-
stand human interaction with machines and weapon systems. The field of Human Factors and
Ergonomics (HFE) emerged to study the physical characteristics of systems and how they af-
fect user cognition and performance (Dix et al., 2004). The advent of the digital age and the
proliferation of computers in the 1980s saw researchers specialize in studying the physical, psy-
chological, and theoretical aspects of human-computer interaction, giving rise to the field of
HCI (Dix et al., 2004; Rogers, 2012). As an interdisciplinary subject, HCI draws upon multiple
fields of expertise, such as cognitive science, HFE, computer science, sociology, and others. It
aims to design human-computer interactions that account for human physical and psychologi-
cal capabilities and limitations, technological requirements, and the social and working context
in which these interactions take place (Dix et al., 2004; Sharp et al., 2019).

Because of its multidisciplinary nature, there is no "unified theory of HCI" (Dix et al., 2004, p. 5).
Instead, HCI adopts a pluralistic approach that integrates various theories from its constituent
disciplines depending on the research or application context. For instance, cognitive theories
of human perception and memory have influenced how interface elements like icons, buttons,
command names, and menu items are designed to be intelligible and memorable (Rogers, 2012).
Theories from social psychology inform the design of experiments that study how digital col-
laboration tools and social media affect communication and collaboration strategies in groups.
Organizational theories, in turn, explore how people process information, make decisions, and
interact within professional and social settings (Rogers, 2012).

The theoretical landscape of HCI has expanded further to address interaction challenges posed
by novel technologies, such as ubiquitous and pervasive computing (Rogers, 2004). The term
"interaction design" was proposed to shift focus toward the design of interactions rather than
components (i.e., humans or computers), and it has since matured into its own discipline
(Rogers, 2004; Sharp et al., 2019). By applying theories from diverse fields, HCI researchers
and designers can identify critical factors—cognitive, social, or organizational—that shape in-
teractions between people and technology across various environments and activities (Rogers,
2004, 2012).

Building on these interaction design principles, the concept of "interaction gestalt" further ad-
vances the understanding of aesthetic interactions within HCI. Lim et al. (2007) propose in-
teraction gestalt as a way to treat interaction as a holistic entity—emerging from the dynamic
interplay between users and digital artifacts—that can be explicitly shaped by designers to en-
hance the quality of user experience. By identifying specific interaction gestalt attributes—such
as connectivity, continuity, directness, movement, orderliness, proximity, pace, and resolution—
designers can craft interactions that are aesthetically engaging and experientially cohesive (Lim
et al., 2007). This approach aligns with HCI’s shift toward designing for experience, emphasiz-
ing the form and feel of interactions rather than merely focusing on usability or functionality.
Integrating interaction gestalt concepts into HCI design encourages a structured yet flexible ap-
proach to creating meaningful and pleasurable user experiences.

Also related to interaction design, generative design metaphors play an important role in HCI
by helping to frame and solve complex design problems. Generative metaphors are cognitive
tools that shape how designers perceive and address problem situations. They are not merely
descriptive but serve as instruments for reinterpreting problems and guiding creative solutions.
These metaphors work by transferring familiar concepts from one domain to a new design con-
text, which helps designers see innovative ways to solve challenges (Schön, 1993). In HCI, gen-
erative metaphors help designers imagine new possibilities for human-computer interaction by
reframing the roles and relationships between users and systems, thereby encouraging out-of-
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the-box thinking and novel interaction paradigms. This theoretical framework has influenced
the conceptualization of HSI in this thesis, as discussed in later chapters.

Another influential concept in HCI is the visual information-seeking mantra (Shneiderman,
1996). The mantra—"overview first, zoom and filter, then details-on-demand"—offers a struc-
tured approach to designing visual interfaces for exploring complex information spaces. This
concept advocates starting with a broad overview, gradually narrowing the focus, and then
providing in-depth details as needed, which is important for creating interfaces that balance
comprehensive SA with manageable information flow (Shneiderman, 1996). This is particularly
relevant for HSI systems, where large volumes of real-time data must be effectively filtered and
prioritized.

Thus, HCI theory—including concepts such as generative design metaphors—plays several im-
portant roles in shaping research and design. It can be descriptive, helping to define and organize
key concepts, and explanatory, uncovering the underlying relationships and processes in human-
computer interaction. Theories can also be predictive, enabling the anticipation of user behavior,
and prescriptive, offering guidelines for effective design. Additionally, theory serves an informa-
tive role by integrating knowledge from other disciplines, and an ethnographic one by providing
detailed real-world insights. Theory also plays a conceptual role by supporting the development
of frameworks for evaluating interactions, while its critical role encourages reflection on cultural
and design practices. Finally, the wild role focuses on developing new theories from in-the-wild
studies of real-world technology use (Rogers, 2004, 2012).

3.1.2 Human-Robot Interaction
Human-Robot Interaction (HRI) extends the concepts of HCI into the domain of robotics, where
interactions are no longer confined to digital interfaces but involve robots that can move,
perceive, and act within the physical and social world (Bartneck et al., 2020; Breazeal, 2004;
Goodrich & Schultz, 2007). This shift introduces new challenges and opportunities, as robots
are embodied agents capable of interacting with humans and their environments in real, tan-
gible ways. As a result, HRI addresses not only the usability and cognitive concerns central
to HCI but also new dimensions of interaction afforded by the physical embodiment of robots
(Bartneck et al., 2020). Within HRI, two primary avenues of research have emerged, each fo-
cusing on different aspects of human interaction with robots. The first avenue explores social
human-robot interaction, focusing on how humans engage with robots as social entities, while
the second avenue investigates how humans and robots collaborate on tasks, with a particular
focus on robots’ autonomy and role as partners in shared work environments (Breazeal, 2004;
Goodrich & Schultz, 2007; G. Hoffman & Breazeal, 2004).

The social perspective of HRI concerns the robot’s role as a social agent, focusing on how robots
interact with humans through both verbal and non-verbal communication. Social robots are
designed to engage with humans in ways that mirror interpersonal interactions, incorporat-
ing facial expressions, gestures, body language, and speech to create a sense of social presence
(Breazeal, 2004). This line of research draws from theories in social psychology and cognitive
science to investigate how humans perceive, interpret, and respond to these social cues in robots
(Pelikan, 2023; Thellman, 2021; Thunberg, 2024). For example, humans may project emotions
or intentions onto robots based on their physical appearance or behaviors (Thellman, 2021). Re-
search in this area explores how to design robots that can build trust, empathy, and long-term
relationships with users (Thunberg, 2024). Trust, in this context, is influenced by the robot’s abil-
ity to communicate intentions clearly, engage in predictable social behaviors, and demonstrate
appropriate emotional responses to human actions (Bartneck et al., 2020).
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A second key research avenue in HRI focuses on human-robot collaboration, where the robot
is viewed not primarily as a social entity, but as a collaborative agent in task performance (G.
Hoffman & Breazeal, 2004; Rahimi & Karwowski, 1992; Sheridan & Parasuraman, 2005). Here,
research explores how autonomous systems and robots can work alongside humans in shared
tasks, whether in physical environments (e.g., factories or search-and-rescue missions) or virtual
ones (e.g., decision support systems or autonomous vehicles) (Bartneck et al., 2020; Goodrich &
Schultz, 2007; Sheridan, 2016; Winfield, 2012). In this context, autonomy refers to the robot’s
ability to operate independently of direct human control, making decisions and adapting to
changes in the environment or task demands without continuous human intervention (Abbass
et al., 2018). This can range from low levels autonomy, where the robot follows pre-programmed
instructions, to high levels where it can make complex decisions based on sensor data and
learned behaviors (Parasuraman et al., 2000; Sheridan, 2016). High autonomy is valuable in
environments where human input may be limited or delayed, requiring robots to act decisively
and effectively on their own (Parasuraman et al., 2000).

Research on Human-Autonomy Teaming (HAT) addresses the coordination, decision making,
and autonomy involved in human-robot teams, with a particular focus on shared control and
how humans can trust and collaborate with robots that act autonomously (Chen & Barnes, 2014;
G. Hoffman & Breazeal, 2004; Lyons et al., 2021; McNeese et al., 2023; O’Neill et al., 2022). A
central research concern is how autonomous systems can operate effectively with and without
human supervision or participation (Sheridan, 2016; Sheridan & Parasuraman, 2005). The con-
cept of bounded autonomy is particularly relevant here, suggesting that autonomous systems,
especially in complex environments, must operate within certain constraints or boundaries de-
fined by human supervision, ethical standards, and situational limitations (Schraagen, 2024).
This approach helps ensure that autonomy remains predictable and controlled while still en-
abling robots to independently navigate environments, make decisions, and carry out tasks in
dynamic, high-stakes situations (Murphy, 2020; Parasuraman & Mouloua, 1996). Critical fac-
tors include workload distribution and how robots can support humans in settings like military
operations, industrial automation, or autonomous driving (Bartneck et al., 2020; Parasuraman
& Mouloua, 1996; Sheridan & Parasuraman, 2005; Winfield, 2012). While these robots are less
focused on social cues, trust remains important since it is connected to how reliably and safely
the robot can perform tasks under varying conditions (Lewis et al., 2018).

3.1.3 Human-Swarm Interaction
HSI builds on the theoretical frameworks of both HCI and HRI but introduces additional com-
plexity due to the distributed and emergent nature of swarm systems. In contrast to HRI, where
interaction typically occurs with individual or small groups of robots, HSI involves human op-
erators engaging with large collectives of autonomous agents, e.g., drones, robots, or other
autonomous systems, that exhibit collective behavior arising from local interactions between
agents (Kolling et al., 2016). This shift to collective systems, governed by decentralized and dis-
tributed control, necessitates new theoretical frameworks beyond those applied in traditional
HRI.

A defining feature of HSI is emergent behavior which, as explained in Section 2.1, occurs when
the global behavior of the swarm is not explicitly programmed but arises from the interaction of
individual agents following simple, local rules. This presents a significant theoretical departure
from HRI, where robots typically act according to predefined autonomy levels or task descrip-
tions (Goodrich & Schultz, 2007). In HSI, no individual agent has complete knowledge of the
system’s goals or state, yet through decentralized interaction, the swarm as a whole can exhibit
complex, adaptive behaviors. This emergent nature of swarm behavior presents challenges for
human interaction, as predicting, controlling, and interpreting the collective behavior requires
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the operator to think in terms of system-level dynamics rather than individual robot actions
(Kolling et al., 2016).

As discussed in Section 3.1.2, in HRI, humans often directly command robots or collaborate with
them as partners in task performance. In HSI, however, the interaction model shifts toward
indirect control, where the human operator’s input influences the swarm as a collective rather
than commanding individual agents (Kolling et al., 2016; Lewis, 2013). This raises important
questions about how to convey operator intent to swarms efficiently and ensure that the swarm
interprets and responds to these inputs predictably and reliably (Kolling et al., 2016). Adjustable
autonomy and mixed initiative models are often applied as the swarm may need to operate
independently of human input, such as in dynamic or uncertain environments, while still be
responsive to high-level human commands (Chen & Barnes, 2014; Hussein & Abbass, 2018;
Kidwell et al., 2012).

From a cognitive perspective, HSI introduces new challenges compared to HRI (Hocraffer &
Nam, 2017; Kolling et al., 2016). While HRI typically involves interacting with a small number
of robots in ways that align with human social or collaborative expectations, HSI demands that
the operator understand the aggregate behavior of a system composed of multiple agents. Thus,
mental models in HSI are more abstract, requiring the human operator to grasp the swarm’s
collective, probabilistic behavior rather than rely on the predictability of individual robots (P.
Walker et al., 2016). This is philosophically related to intentionality: whether or not swarms
possess or form collective intentions in the human sense, operators will perceive them as goal-
directed and purposeful, as we naturally attribute intentionality to systems that exhibit struc-
tured, coordinated behavior (Bloom & Veres, 1999; Dennett, 2009; Dunin-Kęplicz & Verbrugge,
2002).

Moreover, HSI often involves a one-to-many interaction model, where the human operator must
process information and make decisions at a higher level of abstraction (Kolling et al., 2016;
Lewis, 2013). This requires traditional models of human-robot trust and collaboration to be
adapted to account for the uncertainty and unpredictability inherent in swarm systems. Trust in
HSI not only depends on confidence in the swarm’s task performance but also on the operator’s
ability to interpret and trust the emergent behaviors of the swarm when direct control is limited
(Lee, 2001; C. Nam et al., 2018). Effective communication of the swarm’s intentions and rea-
soning is key to maintaining operator trust, as misperceptions can lead to either over-reliance or
under-reliance on the swarm. Even more so in safety-critical applications like search-and-rescue
or military operations (Schaefer et al., 2017).

Thus, while HSI shares its roots with HCI and HRI, it demands novel interaction paradigms
and control framework designed specifically for managing interactions with large-scale, de-
centralized systems of autonomous agents. The theoretical contributions of HSI highlight the
challenges of managing distributed control, interpreting emergent behavior, and ensuring the
robustness and reliability of swarms in dynamic and unpredictable environments. HSI inte-
grates these insights from complexity theory and swarm intelligence with established theories
from HCI and HRI, emerging as a distinct and complex domain within the broader context of
human-technology interaction. The next section summarizes efforts in HSI research to design
mechanisms for swarm control.

3.2 Swarm Control Mechanisms

As discussed in Chapter 2, drone swarms exhibit complex emergent behaviors due to the inter-
action of individual drones. This emergent nature, combined with the large number of drones,
presents significant challenges for human operators attempting to guide drone swarms toward
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achieving task-specific objectives. One branch of HSI research focuses on developing and re-
fining control mechanisms that allow operators to effectively influence swarm behavior across
different contexts. This section examines swarm-focused and supervisory control mechanisms
in HSI.

3.2.1 Swarm-focused Control
Kolling et al. (2016) identify four types of human-swarm control: switching between swarm
algorithms that implement desired behaviors; changing swarming algorithm parameters; in-
directly controlling swarm behavior via environmental influences; and controlling the swarm
through selected leader members. These approaches are summarized below.

Algorithm and Behavior Selection refers to a form of direct control where the swarm operator
influences swarm behavior by selecting specific algorithms or modes for subsets of the swarm
to follow (Kolling et al., 2016). A common example of this approach is selection control, where the
operator uses tools like marquee selection to highlight and choose certain drones, commanding
them to switch behaviors—such as moving from a search mode to a tracking mode—depending
on evolving mission requirements. This mechanism, similar to unit control in Real-Time Strat-
egy (RTS) games, provides flexibility in scope, allowing control over the entire swarm, sub-
swarms, or individual drones, depending on the level of precision needed for the task (Kolling
et al., 2012, 2013, 2016). While selection control is effective in allowing operators to adjust swarm
behavior dynamically in complex environments (Kolling et al., 2013), its real-time usefulness is
particularly evident in short time-scale, tactical operations. As Saffre et al. (2021) discuss, direct
control methods like behavior selection are most suitable for immediate adjustments in situ-
ations where quick system responses are critical. However, challenges arise with increasing
swarm size, where the cognitive load on the operator can become significant in decentralized
control architectures (Cummings, 2015). Thus, it is important to balance human supervisory
control and system autonomy to ensure that operators can manage these interactions without
becoming overwhelmed.

Parameter Tuning is an indirect control mechanism that allows the swarm operator to influence
the collective behavior of a swarm by adjusting key parameters that govern the internal dynam-
ics of its members. This approach draws heavily from Craig Reynolds’ seminal work on flocking
behavior, which demonstrated how simple, weighted rules for cohesion, separation, and align-
ment can produce complex, coordinated group motion in natural systems like bird flocks or fish
schools (Reynolds, 1987). In HSI, operators can modify these and other parameters to shape
how drones interact with each other and their environment. For instance, increasing cohesion
tightens the formation, which may be useful in environments with obstacles, while adjusting
separation can spread the swarm to cover a broader area for search operations (Kolling et al.,
2016).

This form of control is flexible and often operates on a global scale, affecting the entire swarm’s
behavior with minimal direct intervention. However, parameter tuning can also be localized to
specific subswarms or regions, allowing for finer control when mission objectives require tar-
geted adjustments. Saffre et al. (2021) argue that this type of indirect approach is particularly
effective for "operational-level" objectives that require longer time scales, as it allows the swarm
to self-organize based on the parameters set by the operator. While operators do not control in-
dividual agents directly, they can significantly influence the swarm’s collective actions by fine-
tuning these parameters, making this approach highly suitable for large-scale operations such as
area coverage, reconnaissance, or environmental monitoring (Kira & Potter, 2009). Studies have
indicated that parameter control in decentralized swarms can enhance performance by optimiz-
ing resource distribution without overwhelming the operator with direct control responsibilities
(Goodrich et al., 2012; Hexmoor et al., 2005).
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Environmental Influence is an indirect control mechanism where the operator guides the
swarm’s behavior by modifying the environment or introducing virtual stimuli rather than is-
suing direct commands to individual drones (Kolling et al., 2016). Inspired by biological swarm
systems, this approach is based on the concept of stigmergy, in which drones react to changes
in their environment, such as virtual beacons or digital pheromones, to coordinate their actions
autonomously (Kolling et al., 2012; Parunak et al., 2002; Sauter et al., 2007). These virtual bea-
cons or digital pheromones serve as environmental markers that, based on their placement and
area of influence, switch between behavior algorithms as previously discussed (Kolling et al.,
2012, 2013), or attract or repel agents (Parunak et al., 2002; Vasile et al., 2011), allowing the oper-
ator to influence swarm movement and behavior. For example, the operator can deploy beacons
to direct drones toward a target area or use repelling beacons to keep drones away from dan-
ger zones. Saffre et al. (2021, 2022) describe a system where a human operator configures and
manipulates a digital twin of the environment, while the swarm system autonomously deploys
virtual beacons to guide and distribute drone agents based on decaying pheromone signals for
long-term, large-area surveillance. The scope of environmental control can vary greatly, ranging
from a global influence where beacons shape the behavior of the entire swarm, to more localized
control, affecting only a small subset of drones, depending on the beacons’ range of influence.
This makes environmental control flexible and scalable, and can reduce micromanagement and
the frequency of control inputs compared to direct selection control (Kolling et al., 2012, 2013).
However, a drawback with this control approach is that it is less intuitive: control inputs can
generate unpredictable and erroneous swarming behavior while delayed feedback makes cor-
rective inputs slow to manifest1 (Kolling et al., 2012, 2013).

Leader-Follower Dynamics is a direct means of swarm control where one or more human-
controlled leader agents guide the swarm and propagate operator influence (Kolling et al., 2016).
These leader agents, e.g., teleoperated drones, manned aircraft, or drones with special capabili-
ties, influence the swarm’s behavior by having drones react to their presence in different ways,
like following, avoiding, or protecting them (Bashyal & Venayagamoorthy, 2008; Pendleton &
Goodrich, 2013). This method offers both global and local control: while leaders affect nearby
agents, their influence can scale to the entire swarm, which is effective in larger, more complex
operations (Kolling et al., 2016). For example, Goodrich et al. (2012) found that leader-follower
systems help mitigate operator workload with larger swarms. Dynamic leader selection can en-
hance system resilience in environments with communication challenges (P. Walker et al., 2014).
Price (2007) describe how virtual leader agents can provide a stable reference for swarm oper-
ations even if a leader is compromised. Leader influence can be explicit, where overt leader
agents actively transmit their state information to followers, or tacit, where one or multiple
covert leaders implicitly biases the average state of neighboring followers. While explicit leader-
ship results in faster swarm convergence to a desired state, tacit leadership increases robustness
in uncertain or noisy environments (Amirpour Amraii et al., 2014).

These four swarm control mechanisms—behavior switching, parameter tuning, environmental
influence, and leader-follower approaches—are not mutually exclusive, and are often mixed
together to maximize their respective benefits, like using different types of virtual beacons to
trigger swarm behaviors (Kolling et al., 2013) or set parameters to adjust how swarms react
to teleoperated leader drones (Pendleton & Goodrich, 2013). However, a drawback with these
"swarm-ish" (Kolling et al., 2016, p. 17) control mechanisms is their lack of ecological relevance
or validity, as studies into these control mechanisms typically do not account for the functional
or strategic purpose of the system. Others, too, have identified this unfortunate trend in HSI,
where achieving swarming behavior is often "regarded as its own reward" (Saffre et al., 2022,
p. 56). For real-world use, swarm control systems must consider how to assign tasks to the

1This corresponds to drawbacks number 1 and 8 in Section 2.5.
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drones, and how human operators can oversee their autonomous task performance. This is the
topic of supervisory or mission-based control.

3.2.2 Supervisory and Mission-based Control
In the context of HSI, supervisory control involves the operator setting high-level goals for the
swarm, such as waypoints, mission objectives, or target areas, delegating the responsibility of
task execution to the swarm. In this framework, the operator is mainly focused on strategic
decision making, leaving the tactical and operational decisions—like navigation, task alloca-
tion, and obstacle avoidance—to the autonomous swarm and its drone agents. This reduces the
frequency of human input, making supervisory control ideal for large-scale, long-duration mis-
sions where continuous and active human control would be impractical. Sheridan (2012) defines
this approach as analogous to a supervisor overseeing human staff members, where high-level
directives are translated into specific actions by the autonomous system.

A common approach in supervisory control is the use of playbooks; predefined sets of tasks or
procedures that can be selected by the operator based on the mission context. The playbook
approach allows operators to choose from a set of structured behaviors or plans for the swarm
to execute, much like a sports team following specific plays (C. Miller et al., 2005; Parasuraman
& Miller, 2006). This method reduces the complexity of human-swarm interaction by stan-
dardizing common tasks, thus enabling operators to focus on strategic supervision and control
while the swarm autonomously executes these tasks. Giles and Giammarco (2019) build on the
playbook approach in designing a mission-based architecture that integrates top-down mission
objectives with bottom-up swarm behaviors across mission phases, providing a flexible super-
visory control framework. Uhrmann and Schulte (2011) address the typically pre-scripted and
static nature of playbook systems and present a context-sensitive system where agents adapt
their action implementation based on knowledge about other tasks being executed.

Additional layers of flexibility are available in supervisory control through the use of mixed-
initiative systems, which allow both the operator and the swarm to take initiative in decision
making when appropriate (Riley, 1989). In such systems, the control dynamically shifts be-
tween human and machine based on the situation, workload, and the complexity of the task
(Bevacqua et al., 2015; Hussein & Abbass, 2018). Finding the right balance between swarm
autonomy and human intervention is important for mission success in complex, dynamic en-
vironments where the operator’s cognitive abilities provide an advantage (Hussein & Abbass,
2018). In mixed-initiative systems, the human operator may intervene in critical situations, such
as mission deviations or system failures, while the swarm autonomously handles routine oper-
ations. However, challenges arise concerning system explainability (e.g., convey the reasoning
behind a certain action, or the order or action sequences, etc.), enabling operator modification
of system-proposed plan elements, and exploring "what-if" scenarios and the consequences of
their potential outcomes (Roth et al., 2004).

Finally, adaptive or adaptable systems further enhance the flexibility of supervisory control by ad-
justing the level of autonomy (LOA) based on the operational context (Calhoun, 2022). Adaptive
autonomy refers to systems that can autonomously modify their behavior along an autonomy
spectrum in response to environmental changes, events, or mission demands, without requir-
ing operator input (Barber et al., 2000). Adaptive systems dynamically shift between autonomy
levels to optimize task performance and reduce operator workload in real-time. However, do-
ing so poses significant challenges related to HCI and interface design, as system designs must
allow the swarm to maintain autonomy while still enabling human intervention when needed
in mission-critical scenarios (Kaber et al., 2001). Adaptive autonomy is distinct from adaptable
systems, where the operator manually adjusts systems’ autonomy levels (Calhoun, 2022). Al-
though adaptable automation has received less research attention and is often considered to
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impose greater workload on operators than adaptive automation, recent studies suggest that
adaptable approaches can improve operator task performance, SA, and acceptance while reduc-
ing mental workload in some situations (Calhoun, 2022; Calhoun et al., 2013; Kidwell et al.,
2012).

3.3 User Interface Designs

Traditional graphical user interfaces (GUIs), also known as ground control stations (GCSs), are
the main tools used for swarm and multi-robot control, enabling operators to interact with large
teams of autonomous agents using conventional input devices like keyboards, mice, or touch-
screens (Rowe et al., 2009). These interfaces offer real-time visualizations of the swarm’s status
and movements, providing operators with important feedback on system behavior and mission
events (Rowe et al., 2009). The visual representation often takes the form of 2D or 3D map-based
tactical situation displays, showing the positions and conditions of individual drones within the
swarm (Rowe et al., 2009). By including interface elements and widgets that provide system
alerts and summaries, agent selection, command and control tools, and mission planning tools,
graphical interfaces allow the operator to monitor the health and progress of each drone agent,
and monitor the progress of mission objectives (Hoang et al., 2023; Perez et al., 2013; Rowe et
al., 2009). Temporal display widgets are also common, providing visual indicators of drones’
progress toward mission waypoints or task conflicts (Cummings & Mitchell, 2005; Hunt et al.,
2023; Rowe et al., 2009). Furthermore, color coding and status indicators for each agent enhance
the operator’s ability to quickly assess the overall swarm state (Hoang et al., 2023; Rowe et al.,
2009).

Interaction mechanisms within these interfaces typically rely on point-and-click or drag-and-
drop functionality, which allows operators to assign tasks or set waypoints for individual drones
or subswarms. In mission-based interfaces, operators can assign high-level tasks to to au-
tonomous agents, minimizing the need for direct control and enabling efficient supervision and
management of multiple drones (Rowe et al., 2009). These interfaces allow operators to focus
on the strategic objectives rather than micromanaging the movement and activity of each agent,
while enabling them to intervene when necessary (Chen et al., 2011).

To avoid overwhelming the operator with excessive information, traditional digital interfaces
employ strategies to filter and prioritize data. Tab-based navigation, layered information dis-
plays, and customizable dashboards are common features that allow operators to focus on
mission-critical information while filtering out less relevant data (C. S. Nam et al., 2009). This
reduces visual clutter and cognitive load, helping the operator maintain SA even in complex sce-
narios (Rowe et al., 2009). However, most interfaces tend to represent each individual drone sep-
arately rather than visualizing the swarm as a single entity (Humphrey et al., 2006; Roundtree
et al., 2018). Although individual agent visualizations can improve operator accuracy in inter-
preting and identifying swarm behavior compared to "amorphous blob" representations, it does
not scale well with increasing drone numbers (Roundtree et al., 2018). For supervisory tasks,
solid or semitransparent blob visualizations can be more intuitive than individual agent visual-
izations (Humphrey et al., 2006). Thus, appropriate agent and swarm visualization techniques
are task-dependent, where certain tasks may require explicit knowledge about the activities of
individual agents, while abstract swarm visualizations may be more useful in long-duration
supervisory missions (Humphrey et al., 2006; Roundtree et al., 2018).

Managing multiple agents simultaneously poses significant challenges in terms of operator
workload. Traditional interfaces can address this by integrating semi-autonomous control
modes, as discussed in Section 3.2.2, where the system handles routine tasks and leaves only
high-level decision making to the operator. Predictive decision support tools for highlighting

27



3. HUMAN-SWARM INTERACTION RESEARCH

or presenting drones based on operator activities or mission events may enhance operator SA,
depending on their specific implementation (Roldán et al., 2017).

Following the discussion on traditional digital interfaces, it is important to consider alternative
and emerging methods of swarm control. In addition to the standard GUI approaches, gesture-
based control has gained traction in HSI research. Gesture-based systems enable human oper-
ators to command drone swarms through physical gestures. Alonso-Mora et al. (2015) intro-
duce a taxonomy of gesture-based human-swarm interaction, distinguishing between free-form
gestures—allowing direct control over individual or subsets of drones—and shape-constrained
gestures, which manipulate the swarm as a collective unit, adjusting its formation for specific
tasks. Similarly, L. H. Kim et al. (2020) present a library of gestures for managing individual and
groups of robots.

Gesture-based interfaces are particularly effective in real-time operations since they offer oper-
ators a high degree of flexibility and responsiveness, as demonstrated through the selection of
individual drones or rearrangement of subswarm groupings using vision-mediated or motion-
tracked gestures (Chaumette et al., 2019; Monajjemi et al., 2013; Nagi et al., 2014). In addition,
wearable technologies like haptic devices can enhance gesture control by providing tactile feed-
back to the operator, creating a more immersive and responsive HSI experience (Castelló Ferrer,
2019). Coppin and Legras (2012) explore touch-based or finger gesture-driven interfaces that
emphasize simple and intuitive swarm commands, while other multimodal approaches com-
bine gesture and speech to enhance operator control of drone swarms (Jones et al., 2010).

3.4 Swarm Applications

Research into the operational use of drone swarms encompasses a broad spectrum from tech-
nical advancements through simulation-based studies—which represents the majority of pub-
lished research—to more ecologically grounded approaches that involve direct engagement
with practitioners.

In search and rescue (SAR) contexts, myriad studies have concentrated on exploring the po-
tential of heterogeneous drone swarms through technological simulations to optimize search
performance. For example, Arnold et al. (2020) investigate the use of various drone roles (e.g.,
relay, scout) in simulated SAR environments, demonstrating that swarm composition can sig-
nificantly influence search efficiency. This study highlights both the benefits of specific swarm
configurations and the risks of diminished efficiency when roles are not optimally assigned.
Similarly, Meshcheryakov et al. (2019) present a swarm approach designed to address the chal-
lenges of locating missing persons in densely forested environments. Their concept aims to
replace the traditional manual sweeping search with drones flying below tree canopies, thus
improving the speed and reducing the cost of SAR missions. Mayer et al. (2019) further discuss
the deployment scenarios of drones in SAR, emphasizing their flexibility in accessing challeng-
ing terrains and collecting diverse data types. However, they note the operational limitations
posed by the labor-intensive control mechanisms currently required, underscoring scalability
challenges in managing multiple drones simultaneously.

Complementing these technically focused works, other (but few) studies have explored how
drone swarm systems can be integrated into real-world SAR operations, incorporating feed-
back from domain experts to align design efforts with operational requirements. J. R. Clark
et al. (2022) adopt a participatory workshop approach involving professional drone operators
to develop use cases and identify key requirements for HSI. This involvement of practitioners
helped uncover critical needs for trust, communication, and role allocation among team mem-
bers. Hoang et al. (2023) worked closely with the Danish Emergency Management Agency
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(DEMA) to prototype multi-drone SAR systems. Their work, conducted through pilot test-
ing and user evaluations, reveal challenges in managing cognitive overload and coordination
among emergency responders when using drone swarms. The iterative feedback provided by
SAR professionals proved valuable in refining user interfaces and enhancing system usability.
Agrawal et al. (2020) take a similar approach by co-designing an emergency response system
with firefighters, focusing on how SA tools can be effectively embedded into the multi-drone
control interfaces. Their findings demonstrate how participatory design processes can align
technological solutions with the needs of end-users, ensuring that interface elements are con-
ducive to efficient mission performance. Additionally, Ahlskog et al. (2024) highlight the sig-
nificance of user interface features in fostering operator trust and reducing cognitive workload
in multi-drone SAR operations. Their evaluation of prototypes with experienced drone pilots
revealed that incorporating intuitive visualization elements, such as heatmaps to indicate prob-
able locations of missing persons, enhances SA and improves operator trust. These findings
contribute to understanding how interface design can mitigate the challenges associated with
multi-drone management in high-pressure environments.

Swarm research in the firefighting domain can similarly be divided into simulation studies and
operative studies. Concentrating on the technical challenges and solutions for deploying drones
swarms, Aydin et al. (2019) propose a conceptual system involving drones dropping fire extin-
guishing balls to target wildfires. Their study focuses on the feasibility of this approach, in-
cluding experiments with small extinguishing balls to suppress spot fires and grassland fires.
This work demonstrates promising outcomes for using fire extinguishing drones in less intense
fire environments, although the approach requires more development for full-scale forest appli-
cations. John et al. (2024) present an algorithm that dynamically coordinates drone swarms for
early detection and containment of forest fires. This algorithm uses thermal sensor data to guide
a multi-stage search and fire mitigation process, demonstrating a reduction in mission time and
burnt area through simulated forest environments. Luna et al. (2021) develop a hybrid swarm
control algorithm aimed at optimal task allocation for firefighting, employing an algorithm to
effectively distribute tasks among up to 100 drones, showcasing the computational robustness
and efficiency of their proposed system under controlled simulations. Madridano et al. (2021)
propose a layered software architecture to facilitate autonomous and coordinated navigation of
drone swarms. Their multi-layered control architecture incorporates techniques like deep rein-
forcement learning to enable safe autonomous navigation, obstacle avoidance, and coordinated
fire response activities in forest and urban settings.

Some firefighting studies have moved beyond technical simulation and into the development of
practical frameworks and operational concepts by involving experts and real-world stakehold-
ers. Karvonen et al. (2023), for instance, focus on the development of a Concept of Operations
(ConOps) for a semi-autonomous drone swarm to support wildfire management. This study in-
volves interviews and workshops with 40 wildfire management professionals in Finland, identi-
fying current challenges and shaping future drone-based solutions to provide effective real-time
SA during firefighting activities. Martínez-de Dios et al. (2011) describe an advanced system for
automatically measuring forest fires using drone-mounted sensors. The system employs both
IR and RGB cameras to measure fire fronts, flame height, and spread rate in real-time, with
field validation in Portugal and Spain. By combining multiple camera inputs through statis-
tical data fusion techniques, the system reduces measurement errors, improves accuracy, and
provides valuable real-time fire information for better resource allocation in firefighting opera-
tions. Roldán-Gómez et al. (2021) conduct a comprehensive survey of firefighting profession-
als to identify major challenges in fire response and propose an operational framework using
drone swarms to address these issues. Their proposed approach emphasizes the use of virtual
and augmented reality to enhance communication and SA, and defines specific operator roles
to effectively integrate drone swarms into existing fire response teams.
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3.5 Summary

This chapter has discussed HSI as a special subfield of HCI and HRI that seeks to understand
and design for human interaction with multiple autonomous and collaborating drone agents.
In doing so, HSI draws on theories of cognition, design, computer science, artificial intelligence,
and complexity to construct swarming systems for use in different domain applications, both
civil and military.

Two important research areas in HSI are mechanisms for controlling swarms and how user
interfaces should be designed for such systems. Swarm-focused control mechanisms include:
explicitly switching between algorithms or modes to influence swarm behavior; tuning or ad-
justing the parameters that govern how swarming drones react to each other; placing virtual
beacons or digital pheromone trails in the environment to influence the swarm’s action or move-
ment behavior; and using teleoperated leader agents who are followed by the rest of the drones.
Supervisory or mission-oriented mechanisms are more abstract, relying on the autonomy and
capability of the swarm and its agents to work out the implementation details of the high-level
tasks delegated by the human operator. Mixed-initiative and adaptive/adaptable automation
approaches can be deployed to guide design of such control systems.

UIs in HSI are typically graphical, with top-down maps providing tactical overview of mission
areas and drone positions. They often feature widgets for displaying drone status data and
telemetry, system or mission alerts, command input controls, timeline displays, and other infor-
mation displays to support operators’ SA and performance. Gesture-based interfaces are also
studied but are rarely studied in large-scale, safety-critical application settings.

However, as discussed in Section 1.3 and presented in this chapter, HSI research on control
methods and user interface design has limitations. First, the vast majority of the literature on
HSI topics concerns basic research in laboratory settings or simulator studies isolated from the
dynamics of the real world, and input from prospective end users in target applications is of-
ten absent. Rare exceptions discussed in Section 3.4—such as Ahlskog et al. (2024), J. R. Clark
et al. (2022), Hoang et al. (2023), and Karvonen et al. (2023)—presented studies designed with
a recognition of the fact that the swarm’s functional capability requirements and the user in-
terfaces’ design requirements are highly dependent on the idiosyncrasies—other actors, tasks
and procedures, potential disturbances, and so on—of a particular application, be it SAR, forest
firefighting, or military settings.

So, as previously argued in Section 1.3, there is a need for more ecologically grounded and holis-
tic research—that takes a "systems view" of HSI design—to complement the technical studies
that currently dominate the literature. This perspective is the topic of the next chapter.
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As previous chapters have outlined, HSI is a field that requires a multi-disciplinary approach
that brings together perspectives from HCI, HRI, and swarm intelligence to study and design
complex, swarming drone systems. However, as argued in Section 1.3, although the field of HSI
is multidisciplinary, not enough of the conducted research is. Additionally, the research topics in
HSI—e.g., control methods, visualization techniques, interface designs, swarming algorithms,
etc.—are studied i) in isolation, and ii) with limited ecological validity.1 This thesis argues that
this HSI research paradigm is insufficient, and that these multiple factors must be considered
holistically while accounting for the contexts in which swarm systems are to operate.

The research perspective advocated in this thesis requires a "systems thinking" approach, ex-
emplified by the application of Cognitive Systems Engineering (CSE) practices. Recognizing
swarming behavior as a means to an end rather than the end itself, this thesis view swarms
through the lens of Multi-Agent Systems (MAS), which provides the technical foundation for
understanding swarm systems. The following sections describe these concepts and how they
are applied in the thesis work.

4.1 Holism and Systems Thinking

The idea that wholes have properties beyond them sum of their individual parts is not new. In
fact, Aristotle discussed this concept in his Metaphysics, where he considered the nature of unity
and oneness. He wrote:

1The research examples mentioned in Section 3.5, and similar studies, are welcome excep-
tions to both these observations.
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For of all things that have several parts and where the totality of them is not like a
heap, but the whole is something beyond the parts, there is some cause of it, since
even among bodies, in some cases contact is the cause of their being one, in others
stickiness, or some other attribute of this sort. (Aristotle, 2016, 1045a8-10)

This early articulation of the interdependence of parts within a whole provides a foundation
for the concept of "holism", which was originally coined and used by Smuts (1927) to describe
the tendency in nature to form wholes that are greater than the sum of their parts. Smuts ap-
plied this concept primarily in the context of biological and evolutionary systems, arguing that
evolution is a process of increasing complexity through the creation of integrated wholes with
emergent properties. More recently, Esfeld (2001) has developed a broader and more general
ontological conception of holism, emphasizing that the parts of any system derive their exis-
tence and properties from their relational dependencies within the whole. In this view, the parts
do not exist independently but are ontologically dependent on the system’s structure and or-
ganization. These individual properties only contribute to the system’s overall behavior when
they interact within the specific arrangement of the whole, resulting in emergent properties that
cannot be understood by analyzing the parts in isolation. Esfeld’s ontological holism applies
across various domains, from the philosophy of mind to quantum physics, underscoring that
the nature of complex systems arises from the relational and interdependent nature of their
components, making holism a foundational principle for understanding such systems (Esfeld,
2001).

In contrast, Ashby (1962) describes an approach to self-organizing systems that represents a
more epistemological view of holism. Rather than focusing on the intrinsic properties of parts
within a system, Ashby emphasizes how the perception of wholes and parts is shaped by the
observer’s perspective and goals. From this view, what is considered a "whole" or its "parts"
depends on how the system is being analyzed and for what purpose. The organization of a
system is not an objective feature but rather a function of how it is observed and understood.
Ashby’s focus is on how systems exhibit emergent behaviors and maintain stability through
interactions between parts, and how these behaviors can be modeled and controlled through
feedback loops and functional relationships. In this epistemological framework, the definition
of wholes and parts is flexible and dependent on the context of the observer (Ashby, 1962). This
perspective contrasts with Esfeld’s ontological holism by prioritizing the functional analysis
of systems and the ability to predict and control behavior, rather than the inherent relational
dependencies between parts.

In addition to the philosophical foundations of holism, Gestalt psychology provides another
perspective that highlights the interdependence of parts within a whole in the context of vi-
sual perception. Gestalt theory, which emerged in the early 20th century, rests on the idea that
perceptual experiences are fundamentally holistic and organized; the brain naturally perceives
wholes—or Gestalten—which cannot be reduced to the mere sum of their parts (Rock & Palmer,
1990; Wagemans et al., 2012). The core tenet of Gestalt psychology is that the whole is some-
thing other than the sum of its parts because perceptual experiences involve "emergent features"
(Wagemans et al., 2012) that arise from the relations between parts. For example, elements like
proximity, similarity, and closure interact to form perceptual wholes, as seen in figure-ground
organization and perceptual grouping (Rock & Palmer, 1990). In this way, Gestalt theory echoes
the principles of holism, extending the concept beyond philosophy into the domain of cognitive
science.

The holistic perspective is often applied in the study of systems. A system is a set of interacting,
interrelated, and interdependent elements or parts that are coherently organized to form a com-
plex and unified whole with a specific function or purpose (D. H. Kim, 1999; Meadows, 2008).
In this view, football teams, universities, factories, animals, forests, and galaxies are all systems,
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whereas sand scattered on a road or tools in a toolbox are not systems but mere collections,
since they do not satisfy all three system definition requirements; elements, interconnections
(or interactions), and purpose (D. H. Kim, 1999; Meadows, 2008; Salmon et al., 2022). Thus,
a holistic, systems thinking perspective means applying a systems vocabulary, describing or-
ganizations or entities, their component parts, and their operational environments in terms of
systems, subsystems, and suprasystems, respectively (Jackson, 2003).

According to Leveson (2011), systems come in three categories. In the first category, organized
simplicity refers to systems that can be broken down into non-interacting or minimally interact-
ing subsystems, where the behavior of each component remains the same when considered sep-
arately as when part of the whole. These systems are characterized by simple, predictable inter-
actions that can be examined separately, making them amenable to analytic reduction (Leveson,
2011). Mechanical systems, as described by Ackoff (1994), fall into this category, as they operate
according to regular, predictable laws and have no purpose of their own, instead serving exter-
nal functions (e.g., a clock or vehicle). Their behavior is determined by their internal structure
and is often unaffected by external influences, making them ideal for reductionist analysis (Ack-
off, 1994). In the second category, unorganized complexity refers to systems that lack the structure
needed for reductionism to work but can be treated as aggregates. These systems are complex
yet regular and random enough that they can be analyzed statistically, often using averages
and the law of large numbers to describe their behavior. Systems that fall in this category, such
as those studied in statistical mechanics, are seen as structureless masses with interchangeable
parts, where individual behaviors are not significant but the aggregate behavior is predictable
(Leveson, 2011). Finally, the third category deals with organized complexity, where systems are
too complex for traditional analysis yet too structured for statistical approaches. These systems
have an underlying structure that disrupt the use of averages, making them difficult to study
using either reductionism or statistics (Leveson, 2011). For example, biological systems align
with this category, as they are open systems with their own goals (e.g., survival) and require
an understanding of the interactions between their parts and their environment (Ackoff, 1994;
Leveson, 2011). Similarly, social systems, which also display organized complexity, are open sys-
tems whose parts (e.g., individuals within an organization) have independent purposes, further
complicating their analysis (Ackoff, 1994; Leveson, 2011). Both biological and social systems
exhibit complex interdependencies and emergent behaviors that cannot be easily understood
through reductionist methods or statistical aggregation (Ackoff, 1994; Leveson, 2011).

Systems thinking emerged in the mid-20th century to address the inadequacy of reductionism in
dealing with systems of the third category described above, whose complexity and dynamics
defied traditional scientific "divide and conquer" methods (Jackson, 2003; Leveson, 2011). Even
today, such problems include examples ranging from artificial intelligence and the internet of
things to ecological sustainability, climate change adaptation, and myriad other global and so-
cietal challenges (Salmon et al., 2022). In taking a holistic stance, systems thinking focuses on
understanding complex systems as unified wholes, emphasizing the interactions between parts,
as these interactions give rise to and sustain the system’s overall properties (Jackson, 2003; Leve-
son, 2011).

Systems thinking developed from a convergence of ideas from multiple fields of science (Salmon
et al., 2022). According to Checkland (1981), the theoretical pillars of systems thinking are two
pairs of concepts: (1) emergence and hierarchy, and (2) communication and control. The first pair
stems from general system theory (GST; von Bertalanffy, 1968) which—like holism—developed
and transferred insights from biology to other, generalized systems. GST views systems as hi-
erarchically organized entities composed of interrelated subsystems that can be nested within
larger suprasystems. These layers, or levels of organization, increase in complexity as one moves
from lower to higher levels. Each level exhibits emergent properties, which—as discussed in
more detail in Section 2.1—arise from the interactions of components at lower levels but are
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not present at those levels themselves, like how the shape of an apple cannot be understood
by solely examining its organic cells; the notion of "shape" itself only becoming meaningful
at higher orders of organization (Checkland, 1981; von Bertalanffy, 1968). The second concept
pairs highlighted by Checkland are central to cybernetics, or control theory, which is the study
of how systems communicate and regulate themselves to maintain stability and achieve desired
outcomes (Wiener, 1961). Communication refers to the transmission of information within a sys-
tem or between systems, enabling feedback loops. Feedback, whether positive or negative, al-
lows systems to self-regulate and be regulated by external entities, adjusting their behavior, and
maintaining control over processes (Checkland, 1981). This dynamic exchange of information
ensures that the system can respond to changes in its environment and stay on course toward
its goal (Jackson, 2003; Leveson, 2011; Wiener, 1961). According to Jackson (2003), complexity
theory, and its complementary perspective on order and disorder in balance, adds another set
of tools to systems thinking and design. Complexity theory was discussed in detail in Chapter
2.

Examples of applied systems thinking can be found in several domains2. Checkland (1981)
explores how systems thinking can be applied to complex, real-world problems. He distin-
guishes between "hard" systems thinking, which is goal-oriented and assumes problems are
well-defined (as in engineering or operations research), and "soft" systems thinking, which is
designed to deal with ill-structured, complex problems, often involving human judgments, dif-
fering values, and conflicting worldviews (Checkland, 1981). Using case studies like business,
management, and public policy development, Checkland presents a process of developing and
merging stakeholder perspectives into a clarified problem statement, for which there may be
no single "correct" solution. Checkland stresses that social systems, unlike machines, involve
humans who have different purposes, beliefs, and mental models. His soft systems method-
ology (SSM) is designed to navigate these complexities and contradictions, recognizing that
systems with human actors are not just purposive (goal-driven) but purposeful, meaning they
can change their goals (Checkland, 1981).

In HFE and safety science, systems thinking is a central philosophical stance that informs sev-
eral models (Salmon et al., 2022). The sociotechnical systems perspective, pioneered by Trist
and Bamforth (1951), emerged from their study on coal mining practices in the UK. Their key
insight was that technological systems (e.g., tools, machinery, workflows) and social systems
(e.g., human relationships, roles, work culture, etc.) are deeply interdependent. For organiza-
tions to succeed, both systems need to be aligned and designed in a way that supports each
other. This approach led to the concept of joint optimization, where changes in technology are
considered in light of their impact on human and social factors, such as responsible autonomy,
adaptability, and meaningfulness of tasks (Trist & Bamforth, 1951; G. H. Walker et al., 2008).
Thus, sociotechnical systems theory rests on two main principles: first, that the interaction
between social and technical factors creates both predictable and unpredictable relationships,
with nonlinear interactions often emerging unexpectedly. Second, optimizing only one aspect—
particularly the technical—can lead to harmful nonlinear relationships that degrade overall sys-
tem performance, thereby underscoring the need for joint optimization (G. H. Walker et al.,
2008). Applying the sociotechnical perspective to safety science and accident analysis, Leve-
son (2011) presents the Systems Theoretic Accident Model and Process (STAMP), which—in
contrast to traditional cause-and-effect models—focuses on how relationships between system
components (e.g., humans, technology, organizations) and inadequate control and constraint
mechanisms enable the emergence of nonlinear behaviors that can lead to accidents (Leveson,
2011).

2See Jackson, 2003 for an excellent overview.
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Building on the concepts of HFE and safety science, it is important to consider the interconnect-
edness between human, technological, and organizational factors that shape complex work en-
vironments. This is where perspectives like HTO (Humans, Technology, Organization) and TOP
(Technology, Organizations, People) become critical. These approaches emphasize the interac-
tions between humans, technology, and organizational structures, recognizing that effective sys-
tem design must address how these elements work together to influence overall performance
and safety, as shown in Figure 4.1. The HTO model, for instance, focuses on improving human
performance, well-being, and system efficiency by providing a holistic view of system interac-
tions (Berglund et al., 2020; Karltun et al., 2017). Similarly, the TOP model stresses the impor-
tance of co-design and participatory approaches, ensuring that technological solutions support
users effectively within their organizational context (Boy, 2020). These perspectives contribute
to a deeper understanding of how sociotechnical systems can be designed and adapted to com-
plex, real-world settings.

Figure 4.1: Illustration of the relationship between the Human, Technology, and Organization
components and the work activity of the HTO model. Adapted from Karltun et al. (2017).

Systems thinking is also applied in design. For instance3, Cababa (2023) integrates systems
thinking with design to address complex problems that traditional design thinking alone may
struggle with. In considering the interconnectedness, causality, and wholeness of a system,
Cababa extends user-centered design by focusing on understanding the current state of the sys-
tem and identifying broader intervention points. These intervention points are akin to what
Meadows refers to as "leverage points," which are places within a system where small shifts
can lead to significant changes (Meadows, 2008). Interestingly, Meadows highlights that the
most effective leverage points are often counterintuitive, meaning that areas where changes can
have the greatest impact are not always the most obvious (Meadows, 2008). Cababa proposes
expanding the traditional design thinking process—i.e., empathize, define, ideate, prototype,
test—to include expand and imagine phases before—and evaluate after—the traditional design
phases, framing the process as circular and iterative rather than linear. The "expand" phase
broadens the designer’s understanding of the system, while the "imagine" phase identifies po-
tential interventions at different levels, such as policies or long-term strategies (Cababa, 2023).
These levels correspond to Meadows’ hierarchy of leverage points, which range from changing
parameters to altering system goals, providing a framework for identifying non-obvious areas
where designers can focus efforts for meaningful impact (Meadows, 2008). Cababa’s "evaluate"

3See also the discussion on interaction gestalt (Lim et al., 2007) in Section 3.1.1.
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phase involves assessing the effectiveness of interventions and understanding their broader con-
sequences and implications, potentially looping back to further expand understanding (Cababa,
2023). By combining design thinking with systems thinking, design moves beyond the narrow
focus on individual users to consider wider forces and stakeholders, which can generate more
sustainable and impactful design solutions (Cababa, 2023).

Systems thinking, and the sociotechnical perspecive, are also central to the analysis and design
of cognitive systems. This topic is discussed in the next section.

4.2 Cognitive Systems Engineering4

Cognitive Systems Engineering (CSE) is a multidisciplinary field that emerged in the 1980s
to address the challenges of designing and managing complex, dynamic systems where hu-
man performance and decision making play important roles (Hollnagel & Woods, 1983, 2005;
Militello et al., 2010). CSE integrates knowledge from cognitive psychology, engineering, and
HFE to understand and support how people interact with technology in real-world environ-
ments (Militello et al., 2010). A central idea in CSE is that human cognition in such systems
is not isolated but deeply embedded in the context of work domains, influenced by both en-
vironmental factors and the design of technical systems (Hollnagel & Woods, 1983, 2005). By
studying phenomena at the intersection of people, technology, and work, CSE aims to design
sociotechnical systems that enhance human and system performance, reduce error, and improve
safety and resilience in high-stakes domains like aviation and nuclear power (Borst et al., 2010;
Boy & Schmitt, 2013; Hollnagel et al., 2006; Woods & Hollnagel, 2006).

In addition to its focus on human cognition within sociotechnical systems, CSE stresses the im-
portance of supporting adaptive behavior in work environments characterized by uncertainty,
change, and complexity (Hollnagel & Woods, 2005). By encompassing the concept of joint cog-
nitive systems (JCS), CSE frames human-machine interaction as a collaborative process where
cognition is distributed across people and technology (Hollnagel & Woods, 2005; Woods, 1985).
In this perspective, the design of effective human-machine collaboration is important in situa-
tions where unanticipated events can occur. The overarching goal of CSE is not only to design
systems that support current work practices but also to ensure they are resilient and flexible
enough to cope with future challenges, thereby addressing both routine and extraordinary de-
mands on human and system performance (Hollnagel & Woods, 2005; Woods & Dekker, 2000).

Several frameworks have been developed to operationalize the principles of CSE, each focusing
on different aspects of human-machine interaction. Two approaches—Cognitive Work Analy-
sis and Joint Control Framework—extend CSE’s focus on understanding and supporting hu-
man performance in complex, dynamic environments. Cognitive Work Analysis (CWA) is a
framework for analyzing, designing, and evaluating complex sociotechnical systems in high-
risk domains (Militello et al., 2010; Rasmussen et al., 1994). It focuses on understanding system
constraints rather than specific behaviors, which allows for worker adaptation to unexpected
events (Naikar, 2017). An integral component of CWA is the skills, rules, and knowledge (SRK)
taxonomy which describes how human operators, in interacting with systems, execute sub-
conscious actions acquired through experience, rule-based behavior guided by procedures or
guidelines, or knowledge-based behavior supported by the person’s understanding, reasoning,
and problem-solving abilities to act in novel situations (Naikar, 2017; Rasmussen, 1983). This
framework helps explain how humans adapt to different levels of task complexity and situa-
tional familiarity. CWA also includes the abstraction-decomposition space, also known as the
"abstraction hierarchy," which is a structured representation of complex systems across two di-

4This section is adapted from Paper V.
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mensions. The abstraction axis represents levels of system functionality, ranging from its high-
level purposes (e.g., goals or objectives) to its low-level physical processes (e.g., mechanisms or
components) (Naikar, 2017; Rasmussen, 1985). The decomposition axis breaks down the system
into its subsystems, components, and physical elements, allowing for analysis of its structural
makeup. Together, these dimensions provide a comprehensive view of how system functions
and structures interact, supporting both high-level goals and detailed operations. Ecological
Interface Design (EID) complements CWA by transferring knowledge about the work domain
(the abstraction-decomposition space) to the design of intuitive user interfaces that present in-
formation in alignment with the SRK framework to support all three modes of human reasoning
(Militello et al., 2010; Naikar, 2017; Vicente, 1996, 2002).

The Joint Control Framework (JCF), developed by Lundberg and Johansson (2021), merges ele-
ments of JCS (e.g., dynamic human-machine collaboration aspects) and CWA (e.g., abstraction
hierarchies) while distinguishing itself by examining in detail the interaction "joints" where con-
trol is negotiated and transferred between agents (human or automated) in joint action. Thus,
JCF serves as a bridge between the systematic work domain analysis of CWA and the dynamic
control focus of JCS, and provides analytical tools for studying and designing human-machine
interaction (Lundberg & Johansson, 2021). More specifically, JCF supports the temporal analy-
sis of human interaction with manual, semi-autonomous, or fully autonomous control systems.
Over six Levels of Autonomy in Cognitive Control (LACC), JCF describes why joint control ac-
tivities are performed, what they entail, and how they are executed (Lundberg & Johansson, 2021;
Lundberg et al., 2021). The LACC levels are summarized below.

1. Physical: Concerns the physical properties of objects and constraints related to physical
action.

2. Implementation: Concerns the constraints related to implementation properties.

3. Generic: Concerns reusable action schemas for common situations.

4. Values: Concerns trade-offs among system objectives and key performance metrics.

5. Effects: Concerns the overarching goal of the system (why it exists), i.e., its functional
purpose.

6. Framing: Concerns the system factors and situations that contextualizes the control activ-
ity, i.e., how the control situation is construed.

In a JCF score (JCF-S) notation, instances of perception points, decision points, and action
points—collectively referred to as PDA points—are placed on timelines corresponding to the
LACC levels. By doing this for humans and artificial control systems alike, the joint control ac-
tivities present in the human-machine interaction can be identified and studied as they develop
over time (Lundberg & Johansson, 2021; Lundberg et al., 2021).

CSE, and the JCF approach presented here, provide a foundational understanding of how joint
control activities unfold between human and autonomous agents. This understanding is crit-
ical when extending the focus to systems involving multiple agents—human or otherwise—
working together in shared environments. In particular, Multi-Agent Systems (MAS) expand
upon the concepts developed in CSE by examining from a technical perspective how multi-
ple autonomous agents interact, coordinate, and collaborate to solve complex problems. Thus,
insights from CSE regarding negotiation of control, cognitive levels, and joint activity lay the
groundwork for understanding the challenges inherent in MAS environments, and human con-
trol of MAS.
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4.3 Multi-Agent Systems

Multi-Agent Systems (MASs) refer to computational systems composed of multiple autonomous
agents that interact within a shared environment to solve complex, distributed problems. Each
agent operates independently, making decisions based on local information, yet their collec-
tive behaviors emerge through interactions and coordination (Sycara, 1998; Wooldridge, 2009).
MASs are typically applied through the use of agent-based modeling (ABM) to simulate and
study the how the activities of interacting agents contribute to and impact the global behav-
ior of complex systems like smart power grids, urban logistics, social networks, and other so-
ciotechnical systems (Dorri et al., 2018). Thus, MAS encompasses both the design challenges
of individual agent behavior and the social organization of agents, where agent interactions are
central to the emergence of overall system properties (Wooldridge, 2009). These features align
well with swarm system design principles, where individual agents adhere to simple local rules,
but their collective behavior produces complex global behavior patterns. Thus, drone swarms
can be conceptualized as a type of MAS.

MASs can exhibit varying degrees of centralization and decentralization, with different ap-
proaches offering distinct advantages and challenges. Dorri et al. distinguish between leader-
follow systems, where one or more central agents guide the system (centralized), and leader-
less systems, where agents operate autonomously based on local information (decentralized)
(Dorri et al., 2018). While centralized control can enhance coordination and ensure coherent
decision making, it may also limit the system’s scalability and adaptability in dynamic envi-
ronments. In contrast, decentralized MAS, where agents independently make decisions, can
improve scalability, flexibility, and fault tolerance in settings where a single point of control
could become a bottleneck (Wooldridge, 2009). However, decentralization introduces coordina-
tion challenges, requiring mechanisms that mimic aspects of centralization, such as consensus
protocols or shared norms, to maintain system coherence and prevent chaotic behavior (Sycara,
1998). Therefore, many MAS applications employ hybrid approaches, blending centralized and
decentralized strategies to optimize coordination and resource allocation while preserving agent
autonomy (Shoham & Leyton-Brown, 2008). Ultimately, the degree of centralization in MAS lies
on a continuum, allowing the system to dynamically adjust according to task demands, environ-
mental conditions, and the need for agent collaboration. This makes MAS versatile and adaptive
across diverse application domains.

The degree of centralization in a MAS is reflected in its organizational structure, which can take
several forms. First, in a flat organizational structure, all agents operate at the same level with no
established hierarchy. Each agent interacts with other agents as peers, leading to decentralized
control and equal roles in the decision-making process. This approach is common in leader-
less MAS, where agents coordinate based on local information and interactions. The lack of
hierarchy makes flat organizations highly flexible and scalable, but they may face challenges in
achieving coherence and coordination in complex tasks (Dorri et al., 2018). Second, in hierarchical
MAS, agents are arranged in levels, with higher-level agents overseeing or directing the activi-
ties of lower-level agents. This structure introduces a degree of centralization where higher-level
agents can coordinate complex tasks and make strategic decisions, while lower-level agents ex-
ecute specific actions. This structure is beneficial for situations where tasks require subordinate
coordination or can be decomposed into subtasks managed at different levels. However, it may
reduce system flexibility and introduce bottlenecks at higher levels (Dorri et al., 2018). Third,
holonic MAS structures represent a more sophisticated form of organization, where agents are
structured as holons; entities that can function both as a whole and as a part of a larger system.
In a holonic MAS, an agent can belong to different organizational levels simultaneously, serving
as a sub-agent within one context while acting as a super-agent in another. This structure sup-
ports dynamic reconfiguration and scalability, making it suitable for systems that require flexible
hierarchy and multi-level interactions (Dorri et al., 2018; Fischer, 1999). Additional structures
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include network-based topologies, where agents form a dynamic web of interactions (e.g., mesh
networks), and market-based organizations, where agents act as buyers and sellers, negotiat-
ing resource allocations through economic principles (Dignum, 2009; Dorri et al., 2018). These
structures demonstrate the dynamic and adaptive nature of MAS, where agent roles and rela-
tionships can shift depending on environmental conditions and task demands.

Beyond these organizational structures, the structural characteristics of MAS encompass addi-
tional elements that define how agents operate and interact within the system. These include
features such as the architectural design of agents, communication protocols, and the models
through which agents process information and make decisions. Dorri et al. discuss important
structural aspects such as the static or dynamic topology of agent networks and the degree of
heterogeneity among agents, which influence how tasks are allocated and how agent coordina-
tion is achieved (Dorri et al., 2018). Wooldridge (2009) discussed approaches to agent architec-
ture design, detailing reactive, deliberative, and hybrid models that shape the internal decision-
making processes of individual agents and influence the overall system’s behavior. Similarly,
Shoham and Leyton-Brown (2008) discuss formal models and algorithms, such as game theory
and coordination protocols, which define the structural relationships and interaction patterns
among agents. These ensure that the MAS can achieve coherent global outcomes despite decen-
tralized control (Shoham & Leyton-Brown, 2008).

Complementing these structural characteristics, a MAS’s functional aspects pertain to how
agents interact, adapt, and coordinate to achieve their objectives, focusing on the dynamic pro-
cesses and behaviors that arise within the system. Sycara (1998) discusses the role and impor-
tance of agent coordination and coherence, noting that agents must navigate the challenges of
decentralized control to maintain consistent system behavior while pursuing individual goals.
This often requires agents to engage in sophisticated reasoning, learning, and decision making
to adapt their actions based on local information and the broader system state (Sycara, 1998).
Wooldridge (2009) complements this view by discussing mechanisms for communication, nego-
tiation, and planning, which enable agents to cooperate effectively and resolve conflicts, thereby
driving the emergent properties of the system. Collectively, these functional elements ensure
that MAS can adapt to dynamic environments, achieve complex goals, and exhibit robust, emer-
gent behaviors through the interactions of individual agents.

Through the combination of structural and functional concerns, MAS "theory" serves as a bridge
between reductionist and holistic approaches to system design. Thus, MAS offers a framework
that balances the decomposition of complex problems with the recognition of emergent, system-
wide behaviors. From a reductionist perspective, MAS breaks down a complex problem into
modular components—autonomous agents—each specialized to perform distinct tasks. This
modular approach facilitates task allocation, parallel processing, and local decision making,
which make the system more manageable and efficient. However, the utility of MAS lies not
only in this decomposition but also in the holistic nature of the resulting system, whose overall
behavior emerges from the interactions, coordination, and interdependencies among agents. As
discussed by Sycara, the coherence and functionality of the MAS are not determined by the
capabilities of individual agents alone but by how their behaviors collectively lead to higher-
order system properties that arise dynamically (Sycara, 1998). This duality aligns MAS with
systems thinking—discussed in Section 4.1—which stresses the importance of interdependence,
feedback loops, and the emergence of complex behaviors from intra-system interactions. The
structural components of MAS set the stage for interaction, while the functional aspects drive the
processes that stimulate emergent global behavior. Thus, MAS embodies a technical synthesis of
these two philosophical approaches by treating agents as independent modules while focusing
on the collective dynamics that define complex systems as a whole.
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4.4 Synthesis and Implications for HSI Research

It is time to summarize and integrate the theoretical frameworks discussed in previous chap-
ters. Chapter 2 explained how swarm systems, such as drone swarms, are prime examples
of complex systems, where a large number of autonomous agents interact locally according to
simple rules, leading to emergent global behaviors that cannot be easily predicted from individ-
ual agent actions. Through self-organization and nonlinear interactions, swarms balance at the
"edge of chaos" to maximize and maintain resilience and adaptability to changing environmen-
tal conditions. Although these are desirable traits of swarming systems, they also make swarms
difficult to control and manage from an outside perspective.

Chapter 3 discussed the theoretical influences of HSI and how HSI research traditionally has
focused on "swarm-ish" control methods—like swarm parameter tuning, behavior switching, or
the use of digital pheromones—where operators interact with the entire swarm system at once,
and ways of presenting swarm systems in GCS interfaces that often visualize swarm agents
individually, which limits their scalability and usability. The chapter also argued that these re-
search topics tend to be studied in isolation—from each other and from the requirements of any
specific target application—which represents an atomistic or reductionist research approach.

This fourth chapter—in Section 4.3—discussed MAS as a framework for designing and studying
complex systems by decomposing them into individual agents, while maintaining a holistic
view that emphasizes the emergent properties from agent interactions. This combination of
reductionist and holistic perspectives allow MAS to model and manage complex behaviors at
the swarm level through coordination and communication among swarm agents. As Abbott and
Hadžikadić (2017) explain, complex adaptive systems (CAS), such as swarms, exhibit properties
like self-organization and emergence, with no central controller dictating behavior, making them
ideal subjects for systems thinking approaches. Extending this further, Section 4.2 explained
how CSE provides a systems thinking approach to designing sociotechnical systems, such as
joint human-swarm systems, where swarm operators interact with and supervise autonomous
swarms and agents within complex and dynamic work environments. C. A. Miller et al. notes
that human control of multi-agent systems, like swarms, introduces unique challenges in terms
of SA, workload management, and interpreting emergent behaviors, which require novel UI
designs to maintain effective control (C. A. Miller et al., 2020). In this context, CSE principles
ensure that human-swarm interactions are designed with the entire sociotechnical system in
mind, considering both the agents’ functional capabilities and the human operators’ cognitive
conditions. In taking a work-driven design pathway (M. J. Miller & Feigh, 2019), a CSE approach
to HSI design promotes the development of flexible, safe, and efficient swarm systems whose
capabilities are aligned with the requirements of real-world applications.

This theoretical synthesis informs a nuanced perspective on how control and responsibility
should be distributed between human operators and autonomous swarm systems. To appre-
ciate why a “human-in-control” approach, supplemented by partial delegation to swarm in-
telligence, is both necessary and feasible, it is helpful to consider how the role of humans in
automated systems has been framed historically. Early research in human–automation inter-
action conceptualized the operator as being in the loop of system feedback and control. This
emphasized continuous supervision and intervention to ensure safe and effective performance
(Billings, 1997; Parasuraman et al., 2000; Sheridan, 2002). As automation grew more advanced
and tasks became too numerous or complex for direct human micromanagement, the notion of
human-on-the-loop emerged, where operators monitor autonomous processes with the ability
to intervene if needed, rather than controlling every action in real time (Cummings, 2014, 2021;
Scharre, 2016). However, regardless of whether humans are “in” or “on” the loop, there re-
mains a crucial principle of human-in-control; that humans ultimately retain responsibility and
authority, especially in high-stakes or safety-critical domains (Billings, 1997; Scharre, 2016).
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This thesis build on these perspectives by advocating a “human-in-control plus partial delega-
tion” approach, where operators assert high-level, strategic objectives and maintain account-
ability, while offloading tactical or operational decisions to the swarm’s local intelligence. This
arrangement aligns with evolving concepts of HAT (discussed in Section 3.1.2), where humans
and autonomous agents function more like collaborative teammates, each contributing unique
strengths and capabilities (Chen & Barnes, 2014). By situating the swarm and its drones as col-
lective “team members,” rather than mere tools, one can harness emergent swarm behaviors
while ensuring the swarm’s objectives remain under human strategic supervision. Hence, the
thesis extends traditional human-in-the-loop frameworks toward a more flexible and scalable
teaming paradigm, one that recognizes both the hierarchical nature of human command and
the peer-like collaboration needed to manage complex, adaptive swarm systems effectively.

This thesis applies the theoretical perspective outline above to the study and design of human-
swarm interactions in real-world application contexts. This holistic, systems thinking perspec-
tive informed the selection of the general methodological approach that guided the research pre-
sented in the included thesis papers (Chapter 6). The next thesis chapter explains the method-
ological framework that supported this work.
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5 Methodological Approach

This chapter proposes a general methodological approach that embodies a holistic perspective
rooted in ecological principles, diverging from—and as a complement to—the conventional re-
ductionist and lab-centric methodologies prevalent in HSI research. The approach integrates
multiple case study research (Section 5.2) with scenario-based design (Section 5.3) under the um-
brella of an iterative design research methodology (Section 5.1), allowing for a comprehensive
exploration of the complex interaction dynamics within future human-swarm systems. Draw-
ing theoretical insights from literature on complexity (Chapter 2), systems thinking (Section 4.1),
cognitive systems (Section 4.2), and multi-agent systems (Section 4.3), the proposed methodol-
ogy aims to describe the synergistic interplay between human cognition and swarm behavior
in autonomous systems. By adopting this interdisciplinary framework, the aim is to capture the
complexities inherent in human-swarm interaction phenomena, moving beyond reductionist
approaches toward a more nuanced understanding of human-swarm interaction in real-world
contexts.

This thesis deploys this methodological framework to investigate the research questions pre-
sented in Section 1.4—focusing on (1) the requirements, constraints, and challenges of swarms in
real-world applications, (2) the development of conceptual models for HSI design, (3) the design
of HSI interface prototypes, and (4) the evaluation and refinement of these HSI prototypes—to
overcome the envisioned world problem for HSI (discussed in Section 1.3).

5.1 Design Research Methodology

According to Blessing and Chakrabarti (2009), the goals of design research are to enhance the
understanding of design as a phenomenon and to develop support based on this understanding
to improve design practice. A deeper understanding of the design process—and the people,
products, and methods it involves—can generate theories and models about design, enabling
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the development of support in the form of guidelines, strategies, or educational programs to
improve design practice and the products and services it produces.

Blessing and Chakrabarti (2009) propose Design Research Methodology (DRM) as a rigorous ap-
proach and framework consisting of a set of methods and guidelines for doing design research.
DRM consists of four iterative stages of research: Research Clarification (RC), Descriptive Study
I (DS-I), Prescriptive Study (PS), and Descriptive Study II (DS-II). RC and DS-I aim to develop an
understanding of the design phenomenon in question, while PS and DS-II serve to develop and
evaluate design support. The objectives, means, and outcomes of each stage are summarized
below.

The Research Clarification (RC) stage supports design researchers in identifying: the overall
research goals; the main research problems, questions, and hypotheses; the relevant disciplines
and research topics to consult and review; a suitable design approach (type of research, methods,
etc.); and the prospective contributions of the planned design research. This preparatory work
is mainly done through literature review. The main deliverable is an overall research plan.

The purpose of the Descriptive Study I (DS-I) stage is to increase the researcher’s understand-
ing of the design phenomenon clarified in the RC stage and identify the key factors that influence
it. This is done through literature review, empirical research, and reasoning. The outcomes of
this stage include a status description of the current design environment and its problems, key
impact factors, and the corresponding implications that may determine the success of design
support developed in DS-II.

In the Prescriptive Study (PS) stage, the researcher synthesizes and deploys the understanding
obtained in DS-I or DS-II to select the key impact factors to be addressed in the PS stage for
improving the target design practice. This involves describing the current design situation and
the actions required for transforming it into its desired or intended state. Deliverables from the
PS stage includes documentation of the Intended Support and Actual Support, respectively. In-
tended Support (e.g., methods, software, reorganization proposals, etc.) represents the support
as envisioned; what it is and how it works, how it is introduced, installed, used, and maintained
at organizational, technical, and infrastructural levels. The Actual Support, in contrast, is an in-
stantiation of the Intended Support, realized to a degree where the core concept of the Intended
Support—and its impact on design practice—can be demonstrated and evaluated.

While DS-I aims to understand the design phenomenon of interest, the Descriptive Study II
(DS-II) stage focuses on evaluating the impact of a design support (intended and actual) devel-
oped and proposed in the PS stage. This is done by evaluating the designed support’s usability
and applicability with respect to its intended use (i.e., "what does it do?") and its usefulness in
realizing the desired or intended outcome (i.e., "is it any good?"). This stage delivers results of
the usability, applicability, and usefulness evaluations and their implications (e.g., improvement
suggestions) for the Intended Support and Actual Support.

The DRM framework was selected as a model research approach for several reasons. First, the
goals of this thesis are to 1) understand the dynamics, command and control issues, cognitive
challenges, and interface design challenges inherent to human-swarm interaction, and 2) de-
velop guidelines for designing HSI systems for use in the real world. These are in alignment
with the understanding and support components of the DRM approach. Second, DRM separates
the concerns of the descriptive and prescriptive research activities, supporting researchers in
focusing and structuring the work. It also describes how the research activities are connected
and inform each other, i.e., how the output of one stage constitute the input of another stage.
Finally, DRM should not be misconstrued as a checklist of stages to be executed linearly. Rather,
it encourages iteration; empirical results from DS-I may necessitate further empirical work, or
the RC stage may require some exploratory study (DS-I) to clarify research goals when there
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is insufficient knowledge about the design phenomenon in question, and so on (Blessing &
Chakrabarti, 2009). Additionally, DRM does not require each research stage to receive equal at-
tention or in-depth investigation. Rather, it emphasizes the importance of being able to adapt in
a flexible and opportunistic way to the specifics of a research topic and any interesting avenues
that may emerge during research (Blessing & Chakrabarti, 2009). This made DRM a good fit
with the mainly explorative nature of this thesis.

Case study research—multiple case study research in particular—is presented as an appropri-
ate data collection method in the DRM framework (Blessing & Chakrabarti, 2009). Case study
involves the development of in-depth, detailed examination of a subject or phenomenon (the
case) within its natural setting. For non-experimental research—which design research tends to
be—case studies are especially useful in the DS-I stage for modeling the current design situation
or for evaluating the implications of design support in DS-II (Blessing & Chakrabarti, 2009). The
case study, and its application in this thesis, is discussed in the next section.

5.2 Multiple Case Study Research

This thesis utilized a multiple case study approach to investigate the human-swarm interaction
phenomenon in future, real-world applications. The case study method is a robust empirical ap-
proach for conducting in-depth investigations of contemporary phenomena within real-world
contexts, where the surrounding conditions are crucial for understanding the subject of study
(Yin, 2018). Unlike experimental research that isolates the phenomenon from its context through
control procedures, case studies allow for a holistic exploration of a real entity or "case" such as
an individual, organization, or event in its natural setting (Stake, 2006; Yin, 2018). Multiple case
study research extends this by examining several cases that share common characteristics, con-
ditions, or phenomena—known as the quintain—to develop a deeper understanding through
comparison and contrast of these cases (Stake, 2006).

Despite traditional views that consider case studies primarily exploratory, they can be effectively
used for descriptive and explanatory purposes as well (Flyvbjerg, 2006; Yin, 2018). This method
is suited for evaluative research, capable of explaining complex causal links, describing inter-
ventions in context, illustrating evaluation topics, and clarifying potential outcomes where they
are uncertain (Yin, 2018). The choice of research method—whether case studies, experiments, or
histories—depends on the type of research question posed, the need for environmental control,
and the focus on contemporary versus historical events (Yin, 2018).

Case studies can incorporate both qualitative and quantitative data, making it a versatile
method that is not confined to qualitative research designs (Runeson & Höst, 2009; Stake, 2006;
Yin, 2018). They often involve a flexible research process where parameters can evolve over
time (Runeson & Höst, 2009), and their application can be influenced by different philosoph-
ical perspectives, such as realist, relativist, constructivist, positivist, critical, and interpretive
approaches (H. K. Klein & Myers, 1999; Yin, 2018). Triangulation enhances the validity of case
studies by using multiple sources of evidence, observers, theoretical perspectives, and meth-
ods (Diaz Andrade, 2014; Runeson & Höst, 2009; Yin, 2018). The selection of cases in multiple
case study research can be random or information-oriented, with strategies like extreme, de-
viant, maximum variation, critical, and paradigmatic case selection ensuring that cases are rich
in information and relevant to the research objectives (Flyvbjerg, 2006).

5.2.1 Research Design
In this thesis, a multiple case study design was chosen to explore the commonalities and dif-
ferences in human-swarm interactions across various contexts. This approach allowed for a
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comprehensive understanding of the HSI quintain that permeates the cases (Stake, 2006). By
examining multiple cases, the work identified overarching themes and specific nuances that in-
formed the theory development and the design of HSI systems. This methodology was valuable
for identifying fundamental features and requirements, as it provided detailed comparisons of
how different contextual factors could influence future interaction dynamics.

The decision to use a multiple case study approach was driven by the need to capture the vari-
ability in HSI across different scenarios. Each case was selected because it presented unique
conditions or challenges, offering a rich source of data for analysis. The cases were chosen not
just for their individual characteristics but for their collective ability to shed light on the broader
phenomenon of HSI. This approach enabled the development of a nuanced understanding of
the subject.

5.2.2 Case Selection
The strategy for case selection was information-oriented, focusing on cases with high potential
for providing valuable insight into HSI. Critical cases were chosen to explore key characteristics
and challenges, as they hold strategic importance for understanding the quintain. Specifically,
critical cases allow the formulation of generalized characteristics in the form of propositions like
"if it is valid for this case, it is valid for all (or most) cases" (Flyvbjerg, 2006). By selecting a diverse
range of critical cases—from forest firefighting or SAR operations to airport activities—whose
characteristics also provided deviant and varied HSI challenges, the research aimed to capture
a wide spectrum of experiences and outcomes. Such variation allowed for an examination of
how different conditions could affect the processes and outcomes of HSI. This approach ensures
that the findings are not limited to specific contexts but can be generalized to a broader range of
real-world applications.

5.2.3 Data Collection and Triangulation
Triangulation was employed across four dimensions to enhance the validity and reliability of the
research. First, methodological triangulation was achieved through a combination of workshops
and interviews with participants. Workshops provided a collaborative environment for partici-
pants to share their experiences, insights, and ideas, while interviews allowed for more detailed,
individual perspectives. Second, data triangulation was considered by collecting workshop and
interview data from multiple participants from different work domains to corroborate findings.
Third, evaluator triangulation ensured that multiple researchers analyzed and interpreted the
data, bringing different perspectives to the analyses. Fourth and finally, theory triangulation
involved applying multiple theoretical perspectives and analytical tools to understand the data
from various angles. Overall, this triangulation approach ensured that data were gathered from
multiple sources and through various formats, enhancing the depth and reliability of the find-
ings.

This multi-faceted approach to data collection and analysis increased the construct validity, in-
ternal and external validity, and reliability of the research. By approaching the quintain (i.e.,
HSI) from multiple angles, the research provided a more robust and nuanced understanding of
HSI.

5.2.4 Philosophical and Analytical Stance
This thesis adopted a constructivist perspective, acknowledging that while there are objective
truths about HSI, these truths are experienced through the subjective lenses of human opera-
tors (Yin, 2018). This perspective was essential for understanding how future swarm operators
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construct and experience their contexts. The constructivist approach allowed the research to
capture the complexity of human experiences and the interplay between objective reality and
subjective perception.

In addition, an interpretive stance was taken to understand how context is constructed and ex-
perienced by future swarm operators. This stance emphasized the importance of understanding
the meaning-making processes of individuals and how these processes influence their interac-
tions with swarm systems (H. K. Klein & Myers, 1999). The interpretive approach provided
insights into the dynamic and situated nature of HSI, highlighting the importance of context in
shaping these interactions.

From a positivist perspective, the thesis developed hypotheses about the nature of HSI and
tested them through prototyping and evaluation across multiple cases (H. K. Klein & Myers,
1999). This approach allowed for the identification of general interaction patterns and design
implications, contributing to the development of evidence-based guidelines for HSI system de-
sign. The positivist stance supported the establishment of formal propositions and the testing
of these propositions in real-world settings.

5.2.5 Summary
The multiple case study approach employed in this thesis allowed for comprehensive explo-
ration of HSI across various contexts. The methodological choices, including the information-
oriented case selection strategy, robust data collection methods, and multi-dimensional trian-
gulation, ensured a thorough and reliable analysis of the research questions. The philosophical
stance adopted—combining constructivist, interpretive, and positivist perspectives—provided
a framework for understanding the complexity of HSI and developing practical design guide-
lines for future applications.

By focusing on these methodological choices and their rationale, this thesis demonstrates a rig-
orous approach to investigating HSI in future settings, ensuring that the findings are both con-
textually relevant and broadly applicable. This methodology supported the overall research
goal of identifying and addressing the central requirements and challenges of designing safe,
effective, and efficient HSI systems.

5.3 Scenario-Based Design

Scenario-Based Design (SBD) addresses the complex challenges of information systems and ap-
plication design by leveraging the dynamic and multifaceted nature of design contexts (Carroll,
2000). Traditional engineering methods typically control complexity by isolating relevant infor-
mation and decomposing the design problem. In contrast, SBD embraces this complexity, em-
phasizing the structural and dynamic characteristics of the target domain from multiple view-
points (Carroll, 2000). This method focuses on understanding how people accomplish tasks and
envisioning new work practices, thereby promoting a deeper understanding of the problem do-
main and increasing the usability and effectiveness of design outcomes (Carroll, 2000). Besides
conceptual design, scenarios are also used in object-oriented design, requirements engineering,
training programs, and in the evaluation of systems and artifacts (Hertzum, 2003).

Scenarios in SBD are narrative descriptions of people engaging in activities within specific con-
texts of use. These scenarios serve as vehicles for a priori evaluations by detailing the constraints
of envisioned activities (Carroll, 2000). They typically include a use setting, actors or agents
with specific goals, and a plot that describes sequences of actions and events. This narrative
approach makes the situated use of technology explicit, revealing implicit assumptions about
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users and their tasks (Carroll, 2000). Scenarios can range from real-world experiences expressed
in words or pictures to formal models like use cases and interaction pathways (Sutcliffe, 2003).
The hermeneutic nature of scenarios means they can never be complete but should aim to pro-
vide sufficient coverage of significant uses and components of a system (Carroll, 2000).

Creating effective scenarios involves various methods to minimize bias and ensure richness
in detail. Ethnographic inquiry allows researchers to observe and capture the complexities of
the target world without preconceived notions, while participatory design practices involve
prospective users directly to leverage their domain expertise (Bødker, 2000; Bødker & Chris-
tiansen, 1994; Carroll, 2000). Scenarios can also be informed by previous design analyses, the-
oretical frameworks, and descriptions of novel technologies (Carroll, 2000). These narratives
serve multiple purposes in design processes, such as capturing real-world experiences, envi-
sioning future systems, evaluating design decisions (Sutcliffe, 2003), and informing prototyping
efforts (Carroll, 2000). Ultimately, insights from SBD can be abstracted and generalized to de-
velop design-based theories of human-computer interaction, manifest as designed artifacts and
their situated use (Carroll, 2000), applicable in various design and evaluation contexts.

5.3.1 Application of Scenario-Based Design
In this thesis, SBD was utilized to create detailed scenarios that represent real-world contexts of
HSI. These scenarios were crafted to capture the situated nature of human activities, providing
a comprehensive understanding of the problem domain. By describing how people interact
with swarm systems in specific settings, the scenarios facilitated the envisioning of new work
objectives, practices, and tools. This approach was instrumental in identifying usability issues
and generating design ideas that enhance the effectiveness of human-swarm systems.

The scenarios developed in this research included detailed narratives and analyses about people
and their interactions within specific contexts of use. Each scenario was designed to highlight
the setting—the environment, the actors involved, and their goals—and the sequence of ac-
tions and events. This narrative structure helped to uncover implicit assumptions about user
tasks and provided a rich context for exploring cognitive, technological, and organizational
challenges and design solutions. The focus on real-world use settings ensured that scenarios
were grounded in practical experiences, making them relevant and actionable.

5.3.2 Scenario Creation Process
The process of creating scenarios applied participatory design practices by involving prospec-
tive users directly in the scenario design process which took place in the workshops previously
mentioned in Section 5.2.3. This approach leveraged the firsthand knowledge and expertise of
users, allowing them to articulate their experiences and ideas in the form of work procedure
and strategy descriptions. This direct involvement ensured that the scenarios were not only
reflective of current practices but also included innovative ideas for enhancing work practices
and tools in the future. These participant-provided descriptions were synthesized by the thesis
author and colleagues and provided the foundation for the design scenarios used in the thesis
papers.

Additionally, interview data were analyzed and integrated in the compilation of scenario de-
scriptions. Theories of design and human activity grounded and limited scenario conditions
and mitigated the risk of flawed scenario descriptions. Descriptions of novel technologies, i.e.,
drone swarms, re-contextualized routine work practices and supported scenario creation.
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5.3.3 Scenario Features and Coverage
The scenarios included several key features to provide sufficient coverage of the swarm system’s
use. Each scenario presupposed a specific use setting, with detailed descriptions of the work-
ing environment and the activities taking place. The scenarios also included multiple actors or
agents, each with distinct goals and objectives, to represent the diverse roles within the use set-
ting. The narrative conveyed a plot, describing sequences of actions and events that influenced
the activity trajectory. These elements helped to reveal the dynamic and situated nature of HSI.

To achieve sufficient coverage, the scenarios described significant uses and their components,
including the main agents, goals, actions, events, obstacles, contingencies, and outcomes. By
highlighting issues of usability and usefulness, the scenarios inspired novel theoretical insights
and design ideas, and addressed practical challenges. The comprehensive coverage ensured
that the scenarios were effective in guiding the design and evaluation of future human-swarm
systems.

5.3.4 Use of Scenarios in Design and Evaluation
Scenarios served multiple purposes in the design and evaluation process. They captured real-
world experiences as ecologically grounded and detailed stories about the contextual use of
drones (where applicable) and general work practices. These stories provided a rich foundation
for envisioning and prototyping novel swarm systems, depicting possible use sequences and
contextual factors. By evaluating design decisions against specific scenarios, the thesis work
developed a work-driven design rationale (M. J. Miller & Feigh, 2019) that guided the develop-
ment of effective and usable systems.

Additionally, the scenarios were used to abstract and generalize insights from the design and
evaluation processes, contributing to the development of a deeper understanding of the quin-
tain, as discussed in Section 5.2.1.

5.3.5 Summary
In summary, the application of SBD in this research provided a comprehensive and contextu-
ally rich approach to understanding and designing HSI systems. The methodological choices,
including participatory design workshops and complementary interviews, ensured that the sce-
narios were both practical and innovative. By focusing on the real-world context and dynamic
nature of HSI, the scenarios facilitated the development of theoretical insights and effective and
usable design solutions. This approach not only addressed current operational challenges but
also inspired new ideas for enhancing HSI systems, ensuring that the research findings are both
relevant and impactful.

5.4 Summary of Methods

This thesis applied participatory design scenarios as case studies within an adapted DRM frame-
work. This approach facilitated an ecologically grounded and work-driven exploration of the
technical and organizational design requirements for future drone swarm systems and the cog-
nitive challenges faced by the prospective users tasked with commanding and controlling them.
In this way, a holistic and nuanced understanding of drone swarms and their impact on work
practices and human operators could be developed and applied in the design of Intended Sup-
port systems for HSI.
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In line with the DRM framework, the thesis work progressed in iterative cycles of exploration
and definition. Scenario descriptions or formal models of current and envisioned work practices
constituted case studies in various domains, i.e., forest firefighting, SAR, or airport settings, used
for generating insights for prototype design and evaluation. Theoretical concepts like generative
metaphor also provided input and re-contextualized the findings, contributing to both design
and evaluation over time. Table 5.1 describes how the case domains and their included scenarios
were utilized in the various research stages of the DRM framework, and in which thesis chapter
or included paper the corresponding findings were published.

Table 5.1: The thesis components and their contributions structured as
scenario-based case studies within the DRM framework.

Topic/case RC DS-I:
present
situation

PS: con-
ceptual
design

PS: pro-
totype
develop-
ment

DS-II:
evalua-
tion

Theory
develop-
ment

Research
overview

Chapter 2–3

Generative
metaphor

Paper II Paper II Paper II

Forest firefighting Paper I Paper I,
IV, VI

Paper VI Paper VI Paper I

Terrestrial SAR Paper III Paper III

Maritime SAR Paper IV Paper V

Airport Paper VI Paper VI Paper VI Paper VI

The included thesis papers are summarized in the next chapter.
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6 Paper Summaries

This chapter summarizes the six publications included in this compilation thesis (Sections 6.1–
6.6). Each section provide summary overviews of the motivation, research activities, and main
contributions of the respective publications.

6.1 Paper I

Bjurling, O., Granlund, R., Alfredson, J., Arvola, M., & Ziemke, T. (2020). Drone Swarms in
Forest Firefighting: A Local Development Case Study of Multi-Level Human-Swarm Interaction.
In Proceedings of the 11th Nordic Conference on Human-Computer Interaction: Shaping Expe-
riences, Shaping Society, October 25-29, Tallinn, Estonia, pp. 1–7. ACM.

Paper I presents a workshop study conducted with Swedish fire and rescue services personnel
to explore how drone swarms could support forest firefighting operations. The study questions
whether the decentralized, stochastic nature of swarm behavior—and the indirect control it of-
ten requires (see Section 3.2)—is suitable for such complex scenarios. During the workshops,
participants were briefed on the technology and typical behavior of drone swarms, and de-
scribed a typical forest firefighting situation and then envisioned the role of drone swarms in
enhancing these operations. Using printed maps, pencils, and plastic cubes in any ways they
saw fit, they collaboratively depicted how the swarm might contribute to firefighting strategies,
personnel positioning, and other mission-critical activities (see Figure 6.1).

The analysis of video recordings revealed that—due to dynamic mission environments and mul-
tiple concurrent tasks—effective interaction with drone swarms in these scenarios required hu-
man operators to engage at multiple levels or strata: from holistic swarm control (Level 1), to
controlling subsets of drones (Level 2), interacting with individual drones (Level 3), and directly
managing onboard sensors or payloads (Level 4). This multi-level interaction is summarized in
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Figure 6.1: Workshop material and development of future scenario for drone swarms in forest
firefighting, as reported in Paper I.

a human-swarm interaction model (see Figure 6.2), which illustrates how firefighters envisioned
dynamic control over the swarm, moving seamlessly between different levels depending on sit-
uational needs.

The findings suggest that drone swarm systems for forest firefighting must be designed to allow
flexible control across these multiple interaction levels. Given the critical and dynamic nature
of forest firefighting, it is hypothesized that such multi-strata control will be necessary for most
real-world applications of drone swarms (see Section 5.2.2).

The author of this thesis is the main contributor in all activities associated with Paper I. This
includes conceptualization, methodology, data collection, data analysis, and writing (drafting,
reviewing, and editing) the paper.

6.2 Paper II

Bjurling, O., Arvola, M., & Ziemke, T. (2021). Swarms, Teams, or Choirs? Metaphors in Multi-
UAV Systems Design. In M. Zallio, C. Raymundo Ibañez, & J. H. Hernandez (Eds.), Advances
in Human Factors in Robots, Unmanned Systems and Cybersecurity, pp. 10–15. Springer
International Publishing.

Paper II examines HSI design through the analytical lens of generative metaphor, comparing
the influence of the "swarm" and "team" metaphors on multi-drone system design. Specifically,
it highlights how these metaphors shape assumptions about agent capabilities, control mech-
anisms, and organizational decision making, ultimately influencing the generative qualities of
system design. The analysis reveals that the "swarm" and "team" metaphors project different,
often complementary, properties onto multi-drone system designs, as illustrated in Table 6.1.

In the swarm metaphor, the operator acts like a beekeeper; indirectly influencing system behav-
ior without direct control over individual agents. Swarms exhibit decentralized, reactive, and
probabilistic behavior, making individual drones expendable but achieving resilience through
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Figure 6.2: A model of inter- and intra-stratum traversal of human interaction with drone
swarms, developed and presented in Paper I.

Table 6.1: Comparison of multi-drone system properties as suggested by the
swarm and team metaphors, reported in Paper II.

Attribute Swarm Team

Temporal Reactive Predictive

Composition Homogeneous Heterogeneous

Interrelationships Simple Complex

Predictability Probabilistic Deterministic

Individual worth Expendable Critical

Efficiency Low High

Relative cost Low High

Controllability Low High
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simplicity and robustness. By contrast, the team metaphor positions the operator as a mission
commander, directly controlling and instructing team members (drones). This approach enables
goal-oriented, predictable behavior, but requires more sophisticated and heterogeneous agents,
which makes the system more complex and less resilient if a critical drone fails. The compar-
ison suggests that each metaphor offers distinct benefits and limitations depending on the ap-
plication scenario, with swarms favoring low-cost simplicity and teams favoring high-efficiency
coordination.

To address the shortcomings of these two metaphors, Paper II introduces the choir1 metaphor
as an alternative generative design concept. In this metaphor, drones are envisioned as singers,
grouped in resilient sections under the guidance of a conductor, and guided by a shared mission
("sheet music"). This metaphor suggests a balance between swarm and team dynamics; drones
are more capable and organized into cohesive subgroups, making them less expendable than
swarm agents but not as individually critical as team members. The choir metaphor provides
flexible, multimodal control, balancing between high-level guidance and detailed coordination,
thereby offering potential for more nuanced interaction and adaptability in real-world contexts.

The paper concludes by suggesting that the choir metaphor can inspire new approaches in
multi-drone system design that combine the scalability of swarm dynamics with the structured
coordination of team behavior, ultimately leading to more practical and effective drone swarm
systems in complex environments.

The author of this thesis is the main contributor in all research activities pertaining to Paper II,
including conceptualization and writing (drafting, reviewing, and editing) the paper.

6.3 Paper III

Källbäcker, J., & Bjurling, O. (2023). Human-Swarm Interaction in Semi-voluntary Search and
Rescue Operations: Opportunities and Challenges. In Proceedings of the European Conference
on Cognitive Ergonomics, September 19-22, Swansea, United Kingdom, pp. 1-7. ACM.

Paper III reports on a digital workshop study conducted with members of a Swedish semi-
voluntary Search and Rescue (SAR) organization, following a methodological approach similar
to the one used in Paper I (Section 6.1). This study explores the existing roles, tools, goals,
strategies, and practices within the SAR context, and considers the potential implications of
introducing drone swarms. Participants used a digital whiteboard tool—featuring a map, icons,
and drawing tools—to articulate their envisioned usage of drone swarms, as shown in Figure
6.3.

The study’s Cognitive Work Analysis (CWA) revealed the current SAR operations’ core aspects:
their functional purpose (to cover an area effectively to increase the chances of finding a miss-
ing person); values and priorities (such as probability of detection metrics, regulatory compli-
ance, and sector completion); purpose-related functions (like maintaining searcher formation
and planning); object-related processes (such as supervising searchers, monitoring drone video
feeds, and collecting wind information); and physical objects involved (e.g., drones, maps, track-
ing apps). The activity analysis mapped these elements to specific SAR mission phases, high-
lighting their relevance in scenarios like initial team setup, search execution, and command
center reporting.

1Similarly, Alves-Oliveira et al. (2021) apply the choir metaphor to envision and illustrate a
coordinated and harmonious team of robots working together in a hospital setting.
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Figure 6.3: Digital whiteboarding environment used by SAR personnel in a digital workshop to
envision possible strategic uses of drone swarms, as reported in Paper III.

The integration of drone swarms presented several constraints and challenges. The study em-
phasized the critical role of human judgment in controlling swarms, including the necessity
to maintain visual line-of-sight and the challenges of adhering to Swedish legal requirements,
which currently mandate that a drone pilot must always maintain control of each drone. Par-
ticipants expressed difficulty in trusting autonomous systems with responsibilities that could
impact human safety, pointing to the need for operators to supervise and make key decisions,
particularly regarding probability of detection (POD) estimates. Additionally, the introduction
of multiple video feeds raised concerns about information overload, creating potential bottle-
necks and impacting the operator’s situational awareness.

The findings also underscored the broader impact of drone swarms on SAR missions, affecting
all phases from search execution to reporting. The study highlighted how these changes could
increase the mental workload and attentional demands on SAR personnel, posing risks of di-
minished situational awareness. Building trust in drone swarms emerged as a key factor for
their effective adoption. Human operators’ need for transparency and their ability to under-
stand and oversee the swarm’s actions were critical for fostering trust.

Overall, the study advocated for a holistic approach to the design, development, and integra-
tion of drone swarm systems in SAR operations, emphasizing the importance of operator con-
trol, communication, and reliability. It concluded that successful integration of drone swarms
in SAR settings would require addressing these interaction challenges through careful system
design, ongoing training, and participatory involvement of SAR practitioners throughout the
development process.

The author of this thesis shared first authorship of Paper III and is, together with the other
co-first author, the main contributor in all research activities pertaining to Paper III, including
conceptualization, methodology, data analysis (the other co-first author performed data collec-
tion), and writing (drafting, reviewing, and editing).
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6.4 Paper IV

Bjurling, O., Svenson, P., & Granlund, R. (under review). Designing Human-Swarm Interaction
for Real-World Drone Systems-of-Systems Applications: A Joint Control Framework Approach.
Manuscript submitted for publication. January, 2025.

Paper IV investigates the development of design guidelines for HSI, applying them in a func-
tional HSI architecture. The paper compares human-swarm interaction across two use scenarios:
a forest firefighting scenario adapted from Paper I, and a maritime SAR scenario. The latter was
developed through an online workshop with personnel from the Swedish Maritime Adminis-
tration’s Joint Rescue Co-Ordination Centre (JRCC) and the Swedish Sea Rescue Society (SSRS).
Participants in the workshop described current operational procedures and envisioned future
uses of drone swarms in SAR missions, similar to the procedure in Paper I. The maritime SAR
scenario was constructed from detailed notes taken by two workshop moderators.

The Joint Control Framework (JCF, discussed in Section 4.2) by Lundberg and Johansson (2021)
was applied to analyze the evolution of human-swarm control interactions across six Levels of
Autonomy in Cognitive Control (LACC), which range from physical actions to abstract situation
interpretations. Figure 6.4 shows the JCF Score (JCF-S) analysis of the maritime SAR scenario,
highlighting distinct levels of operator autonomy and swarm decision making required in vari-
ous operational phases.

Figure 6.4: A Joint Control Framework Score (JCF-S) analysis of a human-swarm interaction in
an envisioned maritime SAR scenario, as presented in Paper IV.

The findings from the JCF-S analyses of both scenarios were synthesized into a set of general
HSI design guidelines, focusing on the needs for system autonomy and control adaptability.
Key guidelines developed include: (1) supporting operator transitions between system strata,
with feedback across multiple levels of control; (2) incorporating a mission model and resource
mapping for task management; (3) enabling autonomous transitions between command strate-
gies; (4) enhancing system autonomy for task evaluations; (5) creating mission libraries that
consider contextual factors to achieve higher autonomy; (6) specifying decision types to mini-
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mize excessive operator input; (7) providing a user interface that allows for drone reassignment
and an overview of tasks; and (8) facilitating switches between centralized and decentralized
control based on mission demands.

The proposed drone swarm architecture, presented in Figure 6.5, is designed to facilitate mixed-
control strategies, allowing operators to fluidly switch between high-level decision making and
direct intervention. This approach uses a task-centered control model, incorporating a library
of predefined subtask definitions—or "plays" (C. Miller et al., 2005)—that operators can use to
create and adjust swarm actions. Each task is associated with specific capability requirements,
and the System-of-Systems (SoS) autonomously assigns capable drones to fulfill these tasks.

Figure 6.5: A systems-of-systems (SoS) architecture for human-swarm interaction, as presented
in Paper IV.

The system’s ability to initiate and evaluate new tasks autonomously requires advanced LACC
capabilities, providing contextual awareness and understanding at higher levels. This auton-
omy allows operators to concentrate on macro-level control—deciding the "what" and "why" of
missions—while delegating tactical and operational control to the system. This supports a flex-
ible and responsive human-swarm interface, as shown in Figure 6.6, which balances strategic
human control with swarm autonomy.

In conclusion, Paper IV advocates for real-time adaptability in HSI systems, supporting the dy-
namic reallocation of drone resources and mixed-control strategies. By integrating centralized
and decentralized elements, the proposed architecture ensures a balance between operator in-
volvement and swarm autonomy, drawing inspiration from the choir metaphor introduced in
Paper II (Section 6.2) to achieve a more holistic approach to swarm design.

The author of this thesis is the main contributor in all research activities associated with Paper
IV. This includes conceptualization, methodology, data collection, data analysis, and writing
(drafting, reviewing, and editing) of the paper.

6.5 Paper V

Bjurling, O., Arvola, M., Alfredson, J., Prytz, E., & Ziemke, T. (under review). Trajectories of
Attention and Control in Human-Machine Interactions: The Case of Swarms in Maritime Search
and Rescue. Manuscript submitted for publication. February, 2025.
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Figure 6.6: A task-centered control architecture for HSI where the operator engages primarily in
macro-control, as presented in Paper IV.

Paper V extends the multi-strata HSI model from Paper I (Figure 6.2) by exploring how and
why an operator’s interaction with a drone swarm shifts across different system strata and cog-
nitive levels of autonomy (LACC) over time. This paper adopts a phenomenological perspec-
tive, investigating attentional shifts during the human operator’s interaction in a maritime SAR
scenario, previously analyzed in Paper IV (Figure 6.4). The concept of the "sphere of attention"
(Arvidson, 2006) is applied to illustrate how the operator’s attention shifts across LACC levels,
mission components, and swarm system strata through various means, such as contextual and
thematic transformations or margin-to-theme captures, forming trajectories of interaction as the
scenario unfolds (see Figure 6.7).

Figure 6.7: A trajectory of attention shifts in an operator’s cognitive control activities across
multiple system strata in a maritime SAR scenario., as reported in Paper V.
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The proposed framework offers a comprehensive method for understanding and analyzing at-
tention trajectories in HSI. By integrating the JCF’s LACC abstraction hierarchy (Lundberg &
Johansson, 2021) with phenomenological field theories of consciousness and attention (Arvid-
son, 2006; Gurwitsch, 2010), the paper presents a structured approach to examining both the
abstract and concrete aspects of operator activities. This model traces attention shifts across
different system strata—from the target system (the mission) to control systems like the swarm
and its drones—providing insights for designing HSI systems that emphasize operator tasks
and goals over technological complexity.

The framework is also suggested as an evaluation tool for HSI design, capable of assessing the
efficacy of different interface solutions. The analysis reveals that most attention shifts are serial
and smooth, indicating well-supported interactions, while radical shifts may signal breakdowns
in information presentation or system support. The findings underscore the importance of a
task-centered, work-driven design approach for future HSI systems, one that prioritizes sup-
porting smooth attention transitions to maintain effective interaction flows. This contributes to
reducing mental workload and enhancing situational awareness.

Finally, the analytical framework is presented as a general tool for studying the phenomenol-
ogy of human-machine interactions beyond HSI, potentially applicable to other complex control
settings where understanding human attention is critical.

The author of this thesis is the main contributor in all research activities associated with Paper V,
including conceptualization, methodology, data collection, data analysis, and writing (drafting,
reviewing, and editing) of the paper.

6.6 Paper VI

Bjurling, O., Fagerlönn, J., Rönntoft, H., Müller, H., Holmgren, A., Arvola, M., & Ziemke, T. (under
review). Designing a Task-Centered Human-Swarm Interaction Interface: Lessons from Real-
Time Strategy Game Design and User Evaluations in Mission-Based Scenarios. Manuscript
submitted for publication. February, 2025.

Paper VI introduces the design and evaluation of a task-centered interface concept for real-
world drone swarm control, inspired by Real-Time Strategy (RTS) game mechanics. The re-
search leverages RTS game interfaces to tackle the challenges of HSI when managing multiple
drones in dynamic environments, incorporating elements like unit groupings, inspection cards,
and resource pooling. The design features mission templates—as proposed in Paper IV (Sec-
tion 6.4)—that predefine routine settings across three dimensions: geographical area, mission
duration, and required capabilities. Upon mission creation, the system autonomously assigns
suitable drone resources and dispatches them to target areas, offering an indirect control mech-
anism for guiding drone behavior (Figure 6.8).

Two prototypes were developed and evaluated in different operational settings: airport opera-
tions and forest firefighting. Drawing on user research in the airport domain (Källbäcker, 2023)
and forest firefighting operations (Paper I), both prototypes aimed to reduce operator workload
while preserving situational awareness (SA) through a combination of action-centric control,
timeline displays, and integrated inspection cards (Figure 6.9).

In the airport scenario, the prototype supported autonomous runway inspections and bird con-
trol tasks, allowing operators to manage swarm behavior via intuitive mission planning tools.
Evaluations with air traffic control officers (ATCOs) and airport ground staff revealed that par-
ticipants valued the autonomy provided, though they also noted the need for better integration
with airport operations and more flexible feedback mechanisms. The analysis highlighted areas
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Figure 6.8: Overview of the HSI concept applied to an airport setting, as reported in Paper VI.
An active task—a runway inspection—is color coded here as a yellow polygon. The task is
represented as a bar in the timeline display at the bottom (at 17:30 hours). The interface can also
visualize the drones, who are represented by triangular shapes and labels for identification. A
task-related object of interest (debris to be removed by agent C1) is shown as a blue notification
icon.

Figure 6.9: Object inspection view in the airport prototype interface, as reported in Paper VI.
This view includes a visual feed, sensor switches, "lite" teleoperation controls, a button to as-
sume full manual control, and a button for editing the object retrieval task.
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for improvement, such as enhancing the system’s information log and balancing autonomy with
manual control and supervision.

The forest firefighting prototype demonstrated the interface’s versatility in managing recon-
naissance and firefighting tasks. Firefighters could initiate missions and configure required ca-
pabilities (as shown in Figure 6.10), inspect detected fires, and respond in real time, focusing
on high-level task management rather than direct drone control. Participants responded posi-
tively to the efficiency of the interface in allocating resources and adapting to changing mission
dynamics, but emphasized the importance of maintaining the ability for manual overrides in
high-risk scenarios.

Figure 6.10: The modal window for selecting mission start and end times, and configure the
required capabilities for the mission—over three categories: hardware configuration, sensors,
and mission-specific behaviors—as reported in Paper VI and by Holmgren (2024).

Both evaluations underscore the interface’s potential for enhancing multi-drone control by em-
phasizing task-centered, strategic-level interaction, and high swarm LACC capabilities, thus
allowing operators to focus more on mission planning rather than micromanaging individual
drones. This approach contributes to advancing HSI methodologies by applying game-inspired
interaction paradigms to support effective command and control of drone swarms in complex
real-world operations.

The author of this thesis is the main contributor in all research activities associated with Pa-
per VI, including conceptualization, methodology, data collection, data analysis, and writing
(drafting, reviewing, and editing) of the paper.
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7 Discussion

This discussion chapter is organized around the central research questions posed in Section 1.4.
Each research question is addressed in turn, focusing not only on providing a direct response
but also on exploring the broader research contributions of the thesis.

To provide a comprehensive and multidimensional discussion, each research question will be
addressed across several dimensions:

1. The Research Question Itself: Each section begins by restating the research question to
establish the context for the discussion and to remind the reader of the core inquiry being
addressed.

2. Research Contributions of the Thesis: The discussion will highlight one or more major
contributions of this thesis that are relevant to each research question. These contribu-
tions are key outcomes that advance theoretical and applied knowledge in the field of
HSI, offering insights into system design, human-swarm coordination, and practical use
in real-world applications.

3. Thesis Papers and Internal References: Each contribution will be supported by empirical
findings from the included papers (e.g., Papers I, II, III, etc.) and by discussions or con-
clusions made in other parts of the thesis. This integration helps link specific evidence
to the research questions and demonstrates how different parts of the thesis collectively
support each contribution.

4. Scientific and Applied Perspectives: The discussion will incorporate both scientific and
applied perspectives, elucidating the broader implications of the findings. This includes
exploring how the contributions provide advancements in theoretical understanding as
well as their potential practical applications. By doing so, the discussion aims to situate
the thesis contributions within the broader context of existing literature and highlight
their value for practical implementation in real-world swarm systems.
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By structuring each research question in this way, the discussion not only provides an answer to
the specific inquiry but also elaborates on the impact and relevance of the research. This ensures
a clear connection between the research questions, findings, contributions, and their significance
in both scientific and applied contexts. The structure aims to make the contributions of the
thesis explicit while demonstrating how the different research elements integrate to address the
challenges and opportunities in HSI.

The limitations of the thesis is discussed in a separate section, followed by a concluding section
that explores the future outlook for HSI.

7.1 Addressing the Research Questions

The aim of this section is to reflect upon the research questions outlined in Section 1.4 and draw
connections between the findings of the six papers summarized in Chapter 6. Each research
question will be addressed in turn, utilizing insights from the empirical studies to answer them
comprehensively and provide context for the broader discussion.

7.1.1 Addressing the First Research Question
The first research question, as described in Section 1.4, was: What are the key requirements and
constraints of drone swarms in real-world applications, and what challenges do operators encounter?

To address this question, this thesis highlights its first major contribution: providing detailed
work domain descriptions that capture the dynamics and complexities of the environments in
which future drone swarms are to be integrated.

The contribution is grounded in the work domain descriptions developed in Papers I, IV, and
VI. Paper I describes the forest firefighting domain, where swarms must operate under dynamic
and hazardous conditions. This context necessitates high levels of resilience, adaptability, and
seamless coordination among drones, given the unpredictability of fire behavior and the critical
need for coordinated responses. Paper IV presents a SAR scenario, detailing the coordination
challenges and the need for distributed yet cohesive control mechanisms. In SAR operations,
the drones need to cover extensive areas, and operators face significant challenges in maintain-
ing SA across multiple agents. Paper VI discusses the use of swarms in airport operations,
highlighting the need for coordination with existing airport roles, such as ATCOs and ground
crews. This environment imposes constraints on resource scheduling, coordination, and real-
time adaptability, emphasizing the necessity for systems that can balance both decentralized
autonomy and centralized control and supervision.

These descriptions are fundamental in understanding the contexts that influence the design
requirements for HSI systems. By providing these detailed descriptions, the thesis adds to the
small but growing body of work emphasizing the importance of understanding operational con-
texts and constraints when designing swarm systems, as discussed in Section 3.4. This aligns
with the holistic systems thinking approach introduced in Section 4.1, promoting the consider-
ation of the full context of system deployment—including organizational, environmental, and
technological factors—when defining design requirements. This type of research is important to
both the research and practitioner communities, offering a realistic portrayal of the operational
dynamics that swarm systems must adapt to.

The thesis contributes not only to research literature but also to practical design methodologies
by outlining how swarm systems can be developed in collaboration with prospective end users.
The methodological approach taken in these studies—outlined in Chapter 5—involved scenario
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development and evaluations with domain experts, ensuring that the findings are applicable in
real-world scenarios and not merely theoretical constructs. This work-driven approach (M. J.
Miller & Feigh, 2019) aligns the development of swarm technologies with the actual needs and
challenges of their intended operational contexts. In addition, the thesis demonstrates how
the JCF (Lundberg and Johansson, 2021; discussed in Section 4.2) can be applied to identify
cognitive challenges in interaction and develop design requirements (Papers IV, V).

From a research perspective, these contributions help bridge the gap between highly theoreti-
cal swarm models and practical real-world applications. By involving end users and focusing
on realistic operational dynamics, this thesis addresses the "envisioned world problem" (dis-
cussed in Section 1.3), ensuring that swarm systems are designed to be functional and usable in
their target settings. The incorporation of CSE principles (Section 4.2) supports a comprehen-
sive approach to understanding the complex interactions between humans and swarm systems,
enabling the design of interfaces and behaviors that are aligned with actual operational needs.

From an applied perspective, understanding work domain specifics aids in defining clear sys-
tem requirements, such as robustness in firefighting, wide area coverage in SAR, and reliable
coordination in airport settings. These insights directly inform both interface design (Paper VI)
and swarm behaviors (Papers IV, VI), offering practical guidance to developers and designers
in the field.

7.1.2 Addressing the Second Research Question
The second research question, as outlined in Section 1.4, was: How can the conceptual models and
principles of the design be developed to address operator challenges and improve the functionality and
usability of drone swarms?

To address this question, the thesis highlights its second major contribution: the introduction of
cognitive design artifacts in the form of alternative generative design metaphors. These artifacts
help rethink the conceptual basis for designing HSI systems and provide new perspectives on
how operators interact with multi-drone systems.

A key insight presented in Paper II is that the commonly adopted "swarm" metaphor, while
powerful, comes with several explicit and implicit assumptions regarding system capabilities
and control mechanisms. The swarm metaphor implies behaviors characterized by complex,
non-linear interactions and probabilistic outcomes, as discussed in terms of complexity theory in
Chapter 2. This focus on emergent behaviors can be beneficial in some applications but may not
always align with operator needs for predictability and overview. As explained in Section 2.5,
these significant drawbacks of decentralized system behavior mean that "swarming" systems are
not universally appropriate. Designing swarming systems while focusing solely on desirable
traits, without adequately accounting for limitations, can lead to systems that are not fit for
purpose (Saffre et al., 2022).

To address these limitations, Paper II proposes an alternative design metaphor: the "choir"
metaphor. Unlike the swarm metaphor, which emphasizes uniform, emergent behaviors, the
choir metaphor provides a way to compartmentalize (sub-)swarms and individual drones
within a deterministic, hierarchical framework. This metaphor effectively advocates for a
form of bounded emergence (cf. Schraagen, 2024), allowing designers to harness the power of
emergence while maintaining structured and predictable overview where needed. The choir
metaphor envisions multi-drone systems as a group of differentiated (i.e., heterogeneous) agents
working in harmony, each maintaining its own role. This conceptual shift—from a homoge-
neous collective to a coordinated ensemble by drawing on familiar concepts in other domains
(Schön, 1993)—balances the autonomy of individual drones with cohesive, goal-oriented group
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behavior, aligning better with scenarios that require a blend of centralized and distributed con-
trol.

Thus, this thesis stresses the importance of balancing the design focus between the whole swarm
and its individual parts. As discussed in Section 3.1.2, the complexities of HAT require nuanced
control mechanisms. It is insufficient to design control interactions solely for individual drones
(corresponding to command complexity O(n), as discussed by Lewis (2013)) or for the swarm
as a whole (O(1)). Instead, a hybrid design approach that addresses both perspectives results in
a more integrated HSI system, as demonstrated across various real-world operational environ-
ments (Papers I, III, IV, VI). This hybrid approach is essential for handling the diverse demands
of real-world scenarios, such as the need for both high-level mission overview and detailed
control of subsystems during emergent situations.

This hybrid approach comes with unique design requirements that differ from purely
"parts-focused" or purely "whole-focused" approaches. From a theoretical standpoint, the
choir metaphor and the hybrid design approach align well with Shneiderman’s 1996 visual
information-seeking mantra: "overview first, zoom and filter, then details-on-demand." This
thesis puts forward the argument that, while the design methodology (process) must be holistic,
the interaction design (outcome) must provide users with both high-level situational awareness
("holistic control") and detailed control mechanisms ("reductionist" control), allowing operators
to engage with the system at different levels of abstraction as required by the task.

As suggested in Section 4.4, balancing human authority with swarm autonomy aligns with
what can be described as a “human-in-control plus partial delegation” approach (Billings, 1997;
Sheridan, 2002). This stance maintains that humans remain ultimately responsible for strategic
decisions—i.e., human-in-control—while delegating tactical or operational tasks to autonomous
systems and drones that can better handle complexity at scale. In the context of the choir
metaphor, this principle manifests as the operator acting as a “conductor” who sets overall
objectives and monitors collective performance, while individual drones (or sub-swarms) self-
organize at an operational level. Consequently, operators can shift between high-level supervi-
sory roles (akin to “human-on-the-loop” monitoring) and more direct involvement as needed.
This design concept resonates with HAT frameworks, emphasizing cooperative relationships
between humans and autonomous systems (Chen & Barnes, 2014; Lyons et al., 2021), but it also
retains a hierarchy that ensures ultimate responsibility remains with human decision-makers.
By incorporating partial delegation within a structured, “bounded emergence” framework, the
system leverages the adaptive strengths of swarm intelligence at the local level while safeguard-
ing operator overview and system predictability, which are essential for real-world operations.

The conceptual model articulated in Paper II challenges the predominant use of the swarm
metaphor by offering a fresh perspective on HSI. As discussed in Section 3.1.1, generative de-
sign metaphors play a role in shaping the mental models of system designers and end users
(Schön, 1993). The choir metaphor serves as a cognitive tool that guides the design of HSI in-
terfaces, enabling the creation of more adaptive systems that are both usable and aligned with
real-world use cases.

The prototype developed in Paper VI exemplifies this hybrid approach by incorporating choir-
inspired HSI architecture elements (Paper IV). By allowing operators to control the swarm as a
cohesive entity while also intervening at a more granular level, the system enhances flexibility
and adaptability, emphasizing the importance of aligning interface designs with operator intent
and ensuring systems convey that intent effectively through intuitive control and visualization
elements.

From a research perspective, the introduction of generative design metaphors like the choir
metaphor, combined with the hybrid approach of balancing whole-part interactions and
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centralized-decentralized control, represents a significant contribution to the field of HSI (Chap-
ter 3). It expands the set of cognitive and conceptual tools available to designers, encouraging
them to move beyond established paradigms like "swarms" or "teams." By integrating both high-
level swarm behaviors and detailed control capabilities, this contribution opens new avenues for
designing adaptable interfaces and control mechanisms.

This aligns with the evolving perspectives in HAT, as discussed in Section 3.1.2, which em-
phasize that human operators need to work alongside autonomous agents in flexible, context-
dependent ways. The hybrid approach facilitates this adaptability, allowing operators to tran-
sition between supervisory roles and more involved control when necessary. Moreover, the in-
troduction of alternative metaphors addresses key gaps in the literature regarding the need for
context-sensitive conceptual HSI models that adapt to diverse operational demands. The choir
metaphor, specifically, broadens the applicability of HSI systems by providing a tool that can
be tailored to various real-world contexts, enabling more effective interaction in scenarios re-
quiring both coordinated, deterministic actions and emergent, adaptive behavior. For instance,
beyond multi-drone operations, the design concepts proposed in this thesis—including the choir
metaphor—could readily apply to autonomous public transport or shipping systems. In such
domains, operators would oversee overall fleet activity at a macro level while retaining the op-
tion to intervene or teleoperate individual buses or vessels when local issues arise (e.g., obstacle
avoidance, route adjustments, etc.). By maintaining a structured yet flexible control framework,
these principles highlight how a “human-in-control plus partial delegation” approach can scale
to other complex, distributed systems in need of both robust autonomy and direct human su-
pervision.

For practitioners, these contributions provide concrete, actionable frameworks for system de-
sign. The choir metaphor encourages designers to consider how individual drones can main-
tain distinct roles while contributing to an overall mission, which aligns well with human men-
tal models of coordinated activities. Meanwhile, the hybrid approach ensures that systems can
adapt both to broad mission goals and to specific, emergent challenges. Moreover, balancing
centralized and decentralized control helps ensure that operator intent is conveyed effectively
across both levels of the swarm, which is crucial for achieving coherence in swarm behaviors
(Kolling et al., 2016; Section 3.1.3).

From an applied perspective, the hybrid approach offers intuitive and effective methods for
operators to manage complex swarm behaviors. By framing the swarm as a coordinated ensem-
ble with differentiated roles, the system reduces the cognitive overhead involved in managing
complex interactions (cf. Kolling et al., 2016). This makes the system more responsive and
allows operators to fluidly transition between broad mission-level control and agent-specific
adjustments, ensuring they can effectively manage autonomy even in the face of real-world un-
certainties (Sections 3.1.2–3.1.3).

7.1.3 Addressing the Third Research Question
The third research question, from Section 1.4, asked: How can prototypes of human-swarm interfaces
be designed and implemented to ensure effective command and control of drone swarms in real-world
scenarios?

This question emphasizes the practical aspects of designing and implementing interfaces that
enable efficient C2 of drone swarms, particularly in dynamic and complex real-world environ-
ments. The thesis addresses this question by highlighting its third major contribution: demon-
strating how design inspiration from RTS games can be applied to create effective HSI proto-
types.
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Drawing inspiration from the design patterns of RTS games, this thesis proposes an interac-
tion paradigm that allows users to manage drone swarms through a combination of high-level
strategic supervision and detailed tactical control, as discussed in Section 7.1.2. Compared to
traditional GCSs that focus on telemetry data (e.g., speed, attitude, battery levels) essential for
drone teleoperation, the RTS-inspired interface focuses on mission-level goals, agent status, and
planned activities. This minimalist yet goal-oriented design has the potential to reduce operator
workload by abstracting low-level details and enabling the operator to focus on mission-critical
decisions.

In Paper VI, the RTS game-inspired interface prototype was developed to implement the choir
metaphor (discussed in Section 7.1.2) and integrate a task-centered control approach. The proto-
type also includes a "playbook"-inspired design (C. Miller et al., 2005), which packages routine
tasks into reusable templates (Paper IV). These templates describe the parameters of a task, such
as its geographical location, start and end times, and required or prohibited resource capabilities
and behaviors. This design draws on RTS game mechanisms where players manage numerous
units with varying capabilities and assign predefined roles to achieve coherent group action.

From a research perspective, applying RTS game design patterns represents a novel approach to
managing complexity in human-swarm systems. Drawing on discussions in Section 3.2, the the-
sis integrates game-inspired elements to create a prototype that supports effective multi-agent
control. The RTS paradigm challenges the traditional GCS and HSI approach by suggesting that
high-level abstraction and goal-driven control paradigms can be more effective for managing
complex swarm systems. The adoption of RTS game patterns provides a fresh perspective on
the level of control that operators need, shifting away from micromanagement (Section 3.2.1)
towards supervisory control and strategic decision making (Section 3.2.2). By adapting features
such as task assignment, simplified resource visualization, and mixed control modes, this re-
search extends the cognitive frameworks commonly applied in HSI.

Moreover, the prototype developed in Paper VI addresses the challenges described in Section 3.3
regarding the need for interfaces that support varying levels of user engagement, ranging from
high-level supervisory control to detailed, hands-on intervention. This hybrid approach allows
operators to adapt their control style to the needs of the mission, switching between strategic
supervision and specific task execution as required. This adaptability is key in real-world swarm
operations, where the operational environment can shift rapidly, demanding different levels of
control at different times, as discussed in Section 7.1.1.

For practitioners, the RTS-inspired interface prototype offers a practical framework for manag-
ing drone swarms in real-world scenarios such as firefighting, SAR, and airport management.
The "playbook" feature is particularly useful for allowing operators to issue complex commands
using pre-built templates, which minimizes cognitive load and streamlines the decision-making
process. By abstracting repetitive and routine tasks into these playbooks, the interface ensures
that operators can direct their focus toward more strategic and emergent aspects of a mission.

This design also improves the scalability of HSI systems, relying on task delegation and au-
tonomous system capabilities to allow a single operator to manage a larger number of drones
than would be feasible with traditional direct-control approaches (Cummings & Mitchell, 2008;
Lewis, 2013). By drawing on RTS game design elements—such as intuitive visualizations, unit
grouping, and goal-driven actions—the interface makes it easier for operators to interact with
the swarm, reducing barriers to usability and increasing system effectiveness. This aligns with
the concepts discussed in Section 3.1.1 on interaction design, where designing for user-centered
experiences in complex systems is important to ensuring usability and efficiency.
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7.1.4 Addressing the Fourth Research Question
The fourth and final research question, as posed in Section 1.4, was: How do the prototypes per-
form in their intended use applications, and what feedback do prospective end-users provide for further
refinement?

To address this question, the thesis highlights its fourth major contribution: demonstrating the
value of applying a systems thinking approach to system design that includes the HTO perspec-
tives (Berglund et al., 2020; Boy, 2020; Karltun et al., 2017). This approach ensures that drone
swarm systems are designed not only to address the direct interaction between human oper-
ators and technology but also to align with the broader organizational context in which these
systems are deployed, as shown in Figure 7.1.

Figure 7.1: Shifting HSI from focusing only on the Human and Technology aspects to also in-
clude the Organization.

The thesis demonstrates, through Papers I, III, IV, V, and VI, that focusing exclusively on the
interaction between the Human and Technology aspects of the HTO model is insufficient for de-
signing effective HSI systems. This aligns with the holistic systems thinking approach outlined
in Section 4.1, which emphasizes the importance of considering all components of a system,
including emergent behaviors and interactions that arise from their interplay. Traditional HSI
approaches often overlook the importance of the Organizational aspect, as discussed in Section
3.4. The research presented in this thesis shows that including the Organizational perspective
leads to a more holistic understanding of how drone swarms can be integrated into existing
workflows and environments. This echoes Hollnagel’s notion of "thinking big," which empha-
sizes the need to consider broader system interactions and relationships rather than focusing
narrowly on local, isolated human-machine interactions (Hollnagel, 2011).

Paper V introduces an analytical framework to study the phenomenology of human-machine
interaction, including HSI. The framework emphasizes how a human operator shifts their at-
tention and cognitive control between different system strata, which include both the target
system (the mission and its environment) and the control system (such as the swarm or other
organizational elements). This perspective highlights that the experience of swarm control is
influenced not only by direct human-technology interaction but also by the mission context,
including events, interactions with other actors, and the overall organizational environment.
Integrating these insights further supports the argument that a comprehensive HTO perspec-
tive is necessary for designing effective HSI systems. This aligns with the concept of emergence,
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discussed in Section 2.1, where the behavior of the whole system cannot be simply deduced from
its parts; instead, it emerges from the complex interactions between system elements, including
human, technological, and organizational components.

By adopting an HTO perspective, this thesis moves beyond conventional HSI practices and il-
lustrates how organizational needs, such as alignment with work procedures, integration with
existing roles, and coordination across different teams, are key factors for successful swarm de-
ployment. This approach also draws from cognitive systems engineering, as discussed in Sec-
tion 4.2, which emphasizes designing systems that support human cognitive processes within
their operational context, ensuring that the system is not only technologically efficient but also
cognitively and organizationally aligned. Thus, the holistic design research approach described
in the thesis resulted in a HSI interface design concept, presented in Paper VI, which was well-
received by prospective users. This generally positive feedback is attributed not only to the
novel and intuitive methods for swarm control but also to the system’s ability to align with the
operational procedures and organizational dynamics of its intended environment.

The value of applying a systems thinking approach that includes the HTO perspective is demon-
strated throughout the thesis. In Paper I, the firefighting scenario illustrates how drone swarms
must be integrated into an organizational structure involving multiple stakeholders, includ-
ing fire crews and commanders, where the need for coordination is paramount. Paper III em-
phasizes the importance of considering the organizational factors in SAR operations, where
the drones must function within a larger C2 hierarchy involving various rescue teams. Paper
IV discusses how different tasks, such as firefighting and maritime SAR, benefit from tailored
swarm behaviors that align with organizational needs. Finally, Paper VI showcases the develop-
ment and evaluation of prototypes that were designed with all three HTO components in mind,
demonstrating their effectiveness in airport management and firefighting scenarios where the
organizational context plays a significant role in the overall system usability.

From a research perspective, the inclusion of the Organizational aspect within the HTO frame-
work represents a significant step forward in the design of HSI systems. It demonstrates that
human-swarm systems cannot be developed in isolation from the organizational context they
are intended to serve. The thesis provides evidence that incorporating organizational structures
and workflows into the design process leads to systems that are better integrated and more
readily adopted by users. In adopting systems thinking in the design of complex sociotechnical
systems, the traditional focus in HSI on the human-technology dyad is expanded by emphasiz-
ing the often-overlooked role of organizational factors on system performance. This approach
provides a more comprehensive understanding of how MASs, such as drone swarms, can be
effectively designed to fit within the broader sociotechnical context in which they operate.

For practitioners, the demonstrated value of the HTO approach lies in its ability to produce sys-
tems that are not only effective in terms of technical performance but also in terms of operational
fit. The prototypes presented in Paper VI were praised by end users for their ability to integrate
effectively with their existing work procedures, reducing the need for extensive retraining and
minimizing disruption. This alignment with organizational needs ensures that the technology
is more readily accepted, leading to smoother implementation and more effective use of swarm
capabilities in real-world settings.

The HTO-based design approach ensures that drone swarm systems are sensitive and adaptive
to organizational factors and constraints. The successful evaluation of the prototypes presented
in Paper VI demonstrates that considering organizational aspects during design results in a
system that meets not only the technical and cognitive requirements but also the practical needs
of the operational environment. This reduces barriers to adoption and enhances the overall
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utility of the system, particularly in settings that involve complex coordination, such as airport
operations or emergency response scenarios.

7.2 Limitations and Future Work

As argued in Section 1.3, the overly simplistic and idealized scenarios typically used in HSI
research are at odds with the inherently complex and dynamic nature of the real world, thus
evoking the envisioned world problem. A critical reader might reasonably argue that the de-
sign scenarios developed and applied in this thesis are also simplified and idealized depictions
of their real-world counterparts, and subsequently ask whether this thesis repeats the mistakes
for which it criticizes previous HSI research. In response to this criticism, the scenario-based
research approach that underpins this thesis is invoked. As explained in Section 5.3, SBD of-
fered a structured and rigorous method for making deliberate and informed decisions about
the content and dynamics of the scenarios used. Thus, SBD was employed to directly address
the envisioned world problem in HSI: human-swarm systems are inherently complex systems
embedded within complex environments, and simplifications are necessary when developing
descriptive scenarios or models, lest the models become as intricate and incomprehensible as
the actual systems they represent1. Through SBD, the thesis developed scenarios that, while
simplified, retained their ecological validity.

Despite the strengths of the scenario-based approach, several limitations must be acknowl-
edged. One significant limitation of this thesis is the scope and scale of the evaluative studies.
The user studies conducted to evaluate the HSI prototypes relied on a small number of partici-
pants, consisting primarily of domain experts and potential end-users. While these participants
provided valuable qualitative insights into user experience and system usability, the evaluation
lacked a direct comparison to traditional GCS designs. This means that although participants
found the system effective, we cannot conclusively determine whether it performs better or dif-
ferently compared to conventional multi-drone GCS designs. Additionally, the small sample
size further limits the generalizability of the findings. Therefore, these insights should be in-
terpreted with caution. Future research would benefit from larger-scale evaluative studies that
employ a mixed-methods approach, combining both qualitative and quantitative data, to rigor-
ously test the efficacy and usability of the proposed systems across a broader range of users and
contexts, and to compare these systems against established HSI GCS design paradigms.

Another limitation is the focus on specific operational contexts. The scenarios presented in this
thesis, while diverse, do not represent all potential domains where drone swarms might be
deployed. This means that the findings and design recommendations may not fully extend
to other complex operational environments, such as urban law enforcement, disaster response
in densely populated areas, or military applications. The context-specific nature of the thesis
carries an inherent risk of overlooking domain-specific challenges that may arise in different
applications. Future work should aim to broaden the scope of operational scenarios to include a
wider variety of environments, thereby facilitating a more comprehensive understanding of the
constraints and requirements of HSI.

The technological limitations of the prototypes must also be addressed. The systems devel-
oped in this thesis are conceptual prototypes intended to explore specific interaction paradigms

1Brehmer’s (2008) "cat problem" addresses the limitations of modeling for effective C2 by
suggesting that, while the most accurate model of a system (or entity, like a cat) would essen-
tially be an identical replica, such a replica would be as complex and opaque as the original.
Instead, effective modeling for C2 involves abstracting only those features necessary for control,
even if this model diverges from the original’s complexity or appearance. Or as Brooks (1990,
p. 5) summarizes it: "the world is its own best model."
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and user needs, but they do not encompass all of the technical intricacies that would be nec-
essary for fully operational, field-ready swarm systems. Issues such as connectivity reliability,
hardware limitations, and real-time decision making in the face of unexpected environmen-
tal changes were not fully addressed. The contribution of the thesis is more forward-looking
and work-driven than technology-driven (M. J. Miller & Feigh, 2019), focusing on prospective
human-swarm interactions to understand inherent challenges and inform subsequent technical
system design and development. These challenges would need to be tackled in future itera-
tions, ideally in collaboration with engineers and technical specialists who can translate these
conceptual insights into robust technological solutions.

Lastly, it is important to acknowledge the methodological trade-offs inherent in the choices
made for this thesis. The emphasis on scenario-based design and ecological validity aimed to
create more realistic representations of human-swarm interactions, but it also meant sacrificing
some degree of experimental control. Unlike tightly controlled experiments, the scenario-based
approach introduces variability, making it difficult to isolate specific factors that impact system
usability or operator performance. While this variability is beneficial for ecological validity, it
complicates efforts to conduct precise measurements and replicate results across different stud-
ies. Balancing ecological validity with experimental control remains an ongoing challenge for
research in this domain. An alternative approach that could be pursued in future work involves
a simulation-based methodology, where a large sample of participants interacts with swarm
systems in simulated task scenarios (i.e., human-in-the-loop simulations). However, previous
HSI research typically adopts this methodology, assuming a priori a particular swarm system
architecture and control interface (as discussed in Chapter 3). In contrast, this thesis questions
the basis of these assumptions, developing an HSI system from the bottom-up rather than from
the top-down. Future work should therefore apply a combined approach, iterating between
forward-looking and exploratory work, as exemplified by this thesis, and human-in-the-loop
studies to evaluate at scale and in real time the concepts previously developed.

7.3 The Gathering Swarm

The title of this final section reflects the uncertain yet transformative future of drone and swarm
technology. The evolution of this technology has been significant since the start of this thesis
project, particularly as drone use has expanded beyond individual experimentation into critical
real-world applications. Recent developments, such as the military use of drones in the Ukraine
war and their increased adoption by law enforcement, emergency response services, and lo-
gistics or delivery services, are making drones an increasingly ubiquitous facet of the modern
world.

These advancements in current domains indicate that the technological and operational matu-
rity of drone systems is approaching a pivotal transition from single-drone control to multi-
drone management. While multi-drone systems—or MASs more broadly, as discussed in Sec-
tion 4.3—may not always imply inter-drone task collaboration or interdependency, and thus
do not necessarily represent swarming behavior in a strict sense, they will nonetheless require
novel and more sophisticated interaction mechanisms than those of traditional single-drone con-
trol systems.

This thesis has shown that, to properly identify, understand, and design for the unique chal-
lenges associated with multi-drone control and interaction—a complex, dynamic problem—an
approach rooted in holistic, sociotechnical research is required. The thesis has demonstrated that
swarming behavior has its particular uses, but future multi-drone systems, and the individual
drones themselves, are capable of far more than simplistic or isolated agent behaviors. They af-
ford advanced and nuanced collaboration, where control is not solely decentralized but instead
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integrates a mix of centralized and distributed decision-making processes. This combination
enables flexibility, robustness, and greater operational potential.

The findings presented in this thesis underscore both the potential benefits and the drawbacks of
this capability. As discussed in the introduction, the shift from single-drone to multi-drone—and
ultimately swarm—systems involves not only technical advances but also social, ethical, and
organizational challenges that must be addressed comprehensively. Thus, this thesis represents
a confluence of these forces, describing a future where drones are not just tools but become
integral to the broader operational fabric of modern society. As drone and robot technology
continues to evolve, the insights provided here offer a foundation for designing human-swarm
systems that are effective, adaptable, and well-suited for the challenges ahead.

This thesis ends with a note on terminology. Although the term swarm has emerged as the
popular descriptor for groups of autonomous drones, one of the key insights of this work is
that “swarm” can carry connotations of homogeneous, fully decentralized control with unpre-
dictable emergent behaviors (as discussed in Paper II). Such features, while valuable in certain
contexts, are not universally applicable, and can even hinder operations that require a more
structured or hierarchical approach. Paper II introduced the choir metaphor as a more flexi-
ble conceptualization, allowing for elements of autonomy and emergence, yet retaining explicit
roles and coordination when needed.

While “drone choir” or “drone ensemble” might not roll off the tongue as easily as “swarm,” these
alternate metaphors remind us that multi-drone systems need not be confined to decentralized,
uniform behaviors. In principle, the design concepts presented here—like bounded emergence and
human-in-control plus partial delegation—could adopt various labels. However, the term “swarm”
is so entrenched both colloquially and in research literature that it remains a useful starting point
for public and interdisciplinary discourse. In time, as our collective understanding matures,
new descriptors may emerge that more accurately convey both the diversity and the structured
coordination of these systems.
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Mayer, S., Lischke, L., & Woźniak, P. W. (2019). Drones for Search and Rescue.
Proceedings of the 1st International Workshop on Human-Drone Interac-
tion. https://hal.science/hal-02128385

Mazzocchi, F. (2008). Complexity in biology: Exceeding the limits of reduc-
tionism and determinism using complexity theory. EMBO reports,
9(1), 10–14. https://doi.org/10.1038/sj.embor.7401147

McNeese, N. J., Flathmann, C., O’Neill, T. A., & Salas, E. (2023). Stepping out
of the shadow of human-human teaming: Crafting a unique iden-
tity for human-autonomy teams. Computers in Human Behavior, 148,
107874. https://doi.org/10.1016/j.chb.2023.107874

Meadows, D. H. (2008). Thinking in Systems: A Primer (D. Wright, Ed.). Earth-
scan.

Meshcheryakov, R. V., Trefilov, P. M., Chekhov, A., Diane, S. A., Rusakov,
K. D., Lesiv, E. A., Kolodochka, M., Shchukin, K., Novoselskiy, A. K.,
& Goncharova, E. (2019). An application of swarm of quadcopters
for searching operations. IFAC-PapersOnLine, 52(25), 14–18. https://
doi.org/10.1016/j.ifacol.2019.12.438

Militello, L. G., Dominguez, C. O., Lintern, G., & Klein, G. A. (2010). The role
of cognitive systems engineering in the systems engineering design
process. Systems Engineering, 13(3), 261–273. https :/ /doi . org/10 .
1002/sys.20147

Miller, C., Funk, H., Wu, P., Goldman, R., Meisner, J., & Chapman, M. (2005).
The Playbook™ Approach to Adaptive Automation. Proceedings of
the Human Factors and Ergonomics Society Annual Meeting, 49(1), 15–
19. https://doi.org/10.1177/154193120504900105

88



Bibliography

Miller, C. A., Adams, J., Clark, S. S., Kane, S., Roundtree, K., & Walker,
P. (2020). Human Factors Issues and Challenges In Research on
‘Many- Agent’ Control Applications [Publisher: SAGE Publications
Inc]. Proceedings of the Human Factors and Ergonomics Society Annual
Meeting, 64(1), 324–328. https://doi.org/10.1177/1071181320641074

Miller, M. J., & Feigh, K. M. (2019). Addressing the envisioned world prob-
lem: A case study in human spaceflight operations. Design Science, 5,
E3. https://doi.org/10.1017/dsj.2019.2

Mirriam-Webster. (n.d.). Swarm. Retrieved May 29, 2024, from https : / /
www.merriam-webster.com/dictionary/swarm

Mitchell, M. (2009). Complexity: A Guided Tour. Oxford University Press.
Mohd Daud, S. M. S., Mohd Yusof, M. Y. P., Heo, C. C., Khoo, L. S., Chainchel

Singh, M. K., Mahmood, M. S., & Nawawi, H. (2022). Applications of
drone in disaster management: A scoping review. Science & Justice,
62(1), 30–42. https://doi.org/10.1016/j.scijus.2021.11.002

Monajjemi, V. M., Wawerla, J., Vaughan, R., & Mori, G. (2013). HRI in the sky:
Creating and commanding teams of UAVs with a vision-mediated
gestural interface [ISSN: 2153-0866]. 2013 IEEE/RSJ International Con-
ference on Intelligent Robots and Systems, 617–623. https://doi.org/10.
1109/IROS.2013.6696415

Murphy, R. R. (2020). Introduction to AI Robotics. MIT Press.
Nagi, J., Giusti, A., Gambardella, L. M., & Di Caro, G. A. (2014). Human-

swarm interaction using spatial gestures. 2014 IEEE/RSJ International
Conference on Intelligent Robots and Systems, 3834–3841. https://doi.
org/10.1109/IROS.2014.6943101

Naikar, N. (2017). Cognitive work analysis: An influential legacy extending
beyond human factors and engineering. Applied Ergonomics, 59, 528–
540. https://doi.org/10.1016/j.apergo.2016.06.001

Nam, C. S., Johnson, S., Li, Y., & Seong, Y. (2009). Evaluation of human–agent
user interfaces in multi-agent systems. International Journal of Indus-
trial Ergonomics, 39(1), 192–201. https://doi.org/10.1016/j.ergon.
2008.08.008

Nam, C., Li, H., Li, S., Lewis, M., & Sycara, K. (2018). Trust of Humans in
Supervisory Control of Swarm Robots with Varied Levels of Auton-
omy. 2018 IEEE International Conference on Systems, Man, and Cyber-
netics (SMC), 825–830. https://doi.org/10.1109/SMC.2018.00148

O’Neill, T., McNeese, N., Barron, A., & Schelble, B. (2022). Hu-
man–Autonomy Teaming: A Review and Analysis of the Empirical
Literature. Human Factors, 64(5), 904–938. https://doi.org/10.1177/
0018720820960865

Pantazis, E., & Gerber, D. J. (2019). Beyond geometric complexity: A critical
review of complexity theory and how it relates to architecture engi-

89



BIBLIOGRAPHY

neering and construction. Architectural Science Review, 62(5), 371–388.
https://doi.org/10.1080/00038628.2019.1659750

Parasuraman, R., & Miller, C. (2006). Delegation Interfaces for Human Su-
pervision of Multiple Unmanned Vehicles: Theory, Experiments, and
Practical Applications. In N. J. Cooke, H. L. Pringle, H. K. Peder-
sen, & O. Connor (Eds.), Human Factors of Remotely Operated Vehi-
cles (pp. 251–266, Vol. 7). Emerald Group Publishing Limited. https:
//doi.org/10.1016/S1479-3601(05)07018-9

Parasuraman, R., & Mouloua, M. (Eds.). (1996). Automation and Human Per-
formance: Theory and Applications. CRC Press. https://doi.org/10.
1201/9781315137957

Parasuraman, R., Sheridan, T. B., & Wickens, C. D. (2000). A model for types
and levels of human interaction with automation. IEEE Transactions
on Systems, Man, and Cybernetics - Part A: Systems and Humans, 30(3),
286–297. https://doi.org/10.1109/3468.844354

Pariès, J. (2006). Complexity, Emergence, Resilience... In E. Hollnagel, D. D.
Woods, & N. Leveson (Eds.), Resilience Engineering: Concepts and
Precepts (pp. 43–53). CRC Press. https : / / doi . org / 10 . 1201 /
9781315605685

Parunak, H. V. D., Purcell, M., & O’Connell, R. (2002). Digital Pheromones
for Autonomous Coordination of Swarming UAV’s. Proceedings of the
1st AIAA Technical Conference and Workshop on Unmanned Aerospace
Vehicles. https://doi.org/10.2514/6.2002-3446

Pelikan, H. (2023). Robot Sound in Interaction : Analyzing and Designing Sound
for Human-Robot Coordination [PhD thesis]. Linköping University
[Publisher: Linköping University Electronic Press]. https://doi.org/
10.3384/9789180751179

Pendleton, B., & Goodrich, M. (2013). Scalable Human Interaction with
Robotic Swarms. AIAA Infotech@Aerospace (I@A) Conference. https :
//doi.org/10.2514/6.2013-4731

Perez, D., Maza, I., Caballero, F., Scarlatti, D., Casado, E., & Ollero, A. (2013).
A Ground Control Station for a Multi-UAV Surveillance System.
Journal of Intelligent & Robotic Systems, 69(1), 119–130. https://doi.
org/10.1007/s10846-012-9759-5

Pigliucci, M. (2014). Between holism and reductionism: A philosophical
primer on emergence: Primer on Emergence. Biological Journal of the
Linnean Society, 112(2), 261–267. https://doi.org/10.1111/bij.12060

Price, C. (2007). The Virtual UAV Leader. AIAA Infotech@Aerospace 2007 Con-
ference and Exhibit. https://doi.org/10.2514/6.2007-2785

Prokopenko, M., Boschetti, F., & Ryan, A. J. (2008). An information-theoretic
primer on complexity, self-organization, and emergence. Complexity,
15(1), 11–28. https://doi.org/10.1002/cplx.20249

90



Bibliography

Rahimi, M., & Karwowski, W. (Eds.). (1992). Human-Robot Interaction. Taylor
& Francis. https://doi.org/10.1201/b12577

Rasmussen, J. (1983). Skills, rules, and knowledge; signals, signs, and sym-
bols, and other distinctions in human performance models. IEEE
Transactions on Systems, Man, and Cybernetics, SMC-13(3), 257–266.
https://doi.org/10.1109/TSMC.1983.6313160

Rasmussen, J. (1985). The role of hierarchical knowledge representation in
decisionmaking and system management. IEEE Transactions on Sys-
tems, Man, and Cybernetics, SMC-15(2), 234–243. https://doi.org/10.
1109/TSMC.1985.6313353

Rasmussen, J., Pejtersen, A. M., & Goodstein, L. P. (1994). Cognitive Systems
Engineering. Wiley.

Reynolds, C. W. (1987). Flocks, herds and schools: A distributed behavioral
model. Proceedings of the 14th annual conference on Computer graphics
and interactive techniques, 25–34. https ://doi .org/10.1145/37401.
37406

Riley, V. (1989). A General Model of Mixed-Initiative Human-Machine Sys-
tems. Proceedings of the Human Factors Society Annual Meeting, 33(2),
124–128. https://doi.org/10.1177/154193128903300227

Rock, I., & Palmer, S. (1990). The Legacy of Gestalt Psychology. Scientific
American, 263(6), 84–91. https://www.jstor.org/stable/24997014

Rogers, Y. (2004). New theoretical approaches for human-computer interac-
tion. Annual Review of Information Science and Technology, 38(1), 87–
143. https://doi.org/10.1002/aris.1440380103

Rogers, Y. (2012). HCI Theory: Classical, Modern, and Contemporary. Springer.
https://doi.org/10.1007/978-3-031-02197-8

Roldán, J. J., Peña-Tapia, E., Martín-Barrio, A., Olivares-Méndez, M. A., Del
Cerro, J., & Barrientos, A. (2017). Multi-Robot Interfaces and Oper-
ator Situational Awareness: Study of the Impact of Immersion and
Prediction. Sensors, 17(8), 1720. https://doi.org/10.3390/s17081720

Roldán-Gómez, J. J., González-Gironda, E., & Barrientos, A. (2021). A Sur-
vey on Robotic Technologies for Forest Firefighting: Applying Drone
Swarms to Improve Firefighters’ Efficiency and Safety. Applied Sci-
ences, 11(1), 363. https://doi.org/10.3390/app11010363

Roth, E. M., Hanson, M. L., Hopkins, C., Mancuso, V., & Zacharias, G. L.
(2004). Human in the Loop Evaluation of a Mixed-Initiative System
for Planning and Control of Multiple UAV Teams. Proceedings of the
Human Factors and Ergonomics Society Annual Meeting, 48(3), 280–284.
https://doi.org/10.1177/154193120404800301

Roundtree, K. A., Manning, M. D., & Adams, J. A. (2018). Analysis of
Human-Swarm Visualizations. Proceedings of the Human Factors and

91



BIBLIOGRAPHY

Ergonomics Society Annual Meeting, 62(1), 287–291. https://doi.org/
10.1177/1541931218621066

Rowe, A., Liggett, K. K., & Davis, J. E. (2009). Vigilant Spirit Control Station:
A Research Testbed for Multi-UAS Supervisory Control Interfaces.
2009 International Symposium on Aviation Psychology, 287–292. https:
//corescholar.libraries.wright.edu/isap_2009/67

Runeson, P., & Höst, M. (2009). Guidelines for conducting and reporting case
study research in software engineering. Empirical Software Engineer-
ing, 14(2), 131–164. https://doi.org/10.1007/s10664-008-9102-8

Saffre, F., Hildmann, H., & Karvonen, H. (2021). The Design Challenges of
Drone Swarm Control [Series Title: Lecture Notes in Computer Sci-
ence]. In D. Harris & W.-C. Li (Eds.), Engineering Psychology and Cog-
nitive Ergonomics (pp. 408–426, Vol. 12767). Springer International
Publishing. https://doi.org/10.1007/978-3-030-77932-0_32

Saffre, F., Hildmann, H., Karvonen, H., & Lind, T. (2022). Self-Swarming for
Multi-Robot Systems Deployed for Situational Awareness. In T. Lip-
ping, P. Linna, & N. Narra (Eds.), New Developments and Environmen-
tal Applications of Drones (pp. 51–72). Springer. https://doi.org/10.
1007/978-3-030-77860-6_3
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